The role of eelgrass (Zostera marina L) source population characteristics in resilience to stress and restoration success by Bayley, Holly K
University of New Hampshire
University of New Hampshire Scholars' Repository
Master's Theses and Capstones Student Scholarship
Winter 2012
The role of eelgrass (Zostera marina L) source
population characteristics in resilience to stress and
restoration success
Holly K. Bayley
University of New Hampshire, Durham
Follow this and additional works at: https://scholars.unh.edu/thesis
This Thesis is brought to you for free and open access by the Student Scholarship at University of New Hampshire Scholars' Repository. It has been
accepted for inclusion in Master's Theses and Capstones by an authorized administrator of University of New Hampshire Scholars' Repository. For
more information, please contact nicole.hentz@unh.edu.
Recommended Citation
Bayley, Holly K., "The role of eelgrass (Zostera marina L) source population characteristics in resilience to stress and restoration
success" (2012). Master's Theses and Capstones. 749.
https://scholars.unh.edu/thesis/749
THE ROLE OF EELGRASS (ZOSTERA MARINA L.) SOURCE POPULATION 
CHARACTERISTICS IN RESILIENCE TO STRESS AND RESTORATION SUCCESS
BY
HOLLY K. BAYLEY 
BS, University o f New Hampshire, 2008
THESIS
Submitted to the University o f New Hampshire 
In Partial Fulfillment of 
The Requirements for the Degree o f






INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.
UMI 1522304
Published by ProQuest LLC 2013. Copyright in the Dissertation held by the Author.
Microform Edition © ProQuest LLC.
All rights reserved. This work is protected against 
unauthorized copying under Title 17, United States Code.
ProQuest LLC 
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 48106-1346
ALL RIGHTS RESERVED 
©2012 
Holly K. Bayley
This thesis has been examined and approved.
Thesis Director, Frederick T. Short, Ph.D. 
Research Professor o f  Natural Resources and the 
Environment
David M. Burdick, Ph.D.
Research Associate Professor, Marine Wetland 
Ecology and Restoration
Anita S. Klein, Ph.D.
Associate Professor, Department o f  Biological 
Sciences
Stephen M. Smith, Ph.D.




I dedicate the following thesis to my husband, Jeffrey Plaisted. We approached this 
chapter in our life as partners, and for that, I share this accomplishment with you.
ACKNOWLEDGEMENTS
I would like to thank my advisor Dr. Fred Short for giving me the opportunity to 
work on such an interesting and important research project. Thanks to my committee 
members Drs. David Burdick, Anita Klein and Stephen Smith for guidance throughout 
my graduate program and for their time and comments on my thesis. Thank you to Fred 
and Cathy Short, Alyssa Novak, Hilary Neckles and Ashley Norton for manuscript 
comments.
Financial support for my thesis research was provided by The Nature 
Conservancy, through the funding of the research project: The Eelgrass Resource o f  
Southern New England and New York: Science in Support o f  Management and  
Restoration Success, carried-out by Short et al. (2012). 1 am grateful to the many 
collaborators of that project. They collected much o f the environmental data and 
performed the eelgrass sampling for genetic analysis, which provided the foundation for 
my thesis work. The Sounds Conservancy o f the Quebec-Labrador Foundation/Atlantic 
Center for the Environment provided additional financial support for my thesis research.
Thank you to the many people at Jackson Estuarine Laboratory who helped set-up 
and maintain the mesocosm experiment. Jeffrey Plaisted, Dylan Randazzo, Christine 
Ford, Jon Felch and Max Overstrom-Coleman were critical in setting up and maintaining 
the mesocosms. Jeffrey, Megan Holcomb and Chris Peter deserve thanks for their help in 
the final stages of the mesocosm experiment. 1 am also grateful to Jennifer Walsh and 
Drs. Adrienne Kovach and James Coyer, for their guidance in analyzing the eelgrass 
genetics data. I also thank Sarah Weigel and Dr. Klein’s genetics lab for providing the 
genotype data.
I would like to express my gratitude to the National Park Service and Cape Cod 
National Seashore (CCNS). CCNS superintendent George Price, deputy superintendent 
Kathy Tevyaw, and Natural Resource Management division chief Shelley Hall granted 
me time to attend classes and allowance to maintain my position while pursuing my 
graduate work. The Natural Resource Management staff and visiting researchers, 
including Kelly Medeiros, Megan Tyrrell, Stephen Smith, Krista Lee, Judith Oset, Sophia 
Fox, Ashby Nix, and Agnes Mittermayr, provided help in the lab and field and much 
needed moral support.
Finally, I thank my family. I would not be where I am today without the encouragement 
and support I received from my parents throughout my life. Thanks to my sister who 




ACKNOWLEDGMENTS ____________________________________________________  v
LIST OF TABLES___________________________________________________________ xi
LIST OF FIGURES _________________________________________________________xiii
ABSTRACT xv
CHAPTER PAGE
I. INTRODUCTION AND BACKGROUND ON EELGRASS ECOLOGY,
GENETICS AND MANAGEMENT_____________________________________ 1
Overview of seagrasses__________________________________________  1
Factors controlling the distribution o f seagrasses_______________ 2
The value o f seagrasses_____________________________________4
How and why seagrasses are declining_____________________________  5
The effects of reduced light on seagrass_____________________  6
The effects o f water column hypoxia and sediment anoxia on
seagrass_________________________________________________  7
The direct effects o f nutrient enrichment on seagrass __________ 8
How seagrasses adapt to environmental change_____________________  9
Seagrass restoration ___________________________________________  11
The importance o f seagrass restoration______________________ 11
The challenges o f seagrass restoration_____________________  12
Seagrass genetics _____________________________________________  14
The contribution of genetic diversity in seagrass restoration and
resilience to environmental change_________________________  15
Eelgrass (Zostera marina L.) genetics_____________________  17
Eelgrass in the western North Atlantic____________________________  20
Purpose of the thesis____________________________________________ 22
COMMON GARDEN MESOCOSM EXPERIMENTS EVALUATE THE 
RESPONSE OF EELGRASS (ZOSTERA MARINA L.) FROM GENETICALLY 
DIFFERENTIATED POPULATIONS TO STRESS_______________________ 25
Introduction___________________________________________________  25
Methods______________________________________________________  29
Experimental population selection_________________________  30
Experimental design_____________________________________ 31
Mesocosm environmental measurements___________________  33
Eelgrass response measurements__________________________  33
Statistical analysis_________________________   36
Results 37
Sample population genetic structure 37
Mesocosm environmental conditions_______________________ 38
Eelgrass response measurements__________________________  38
♦
Discussion______________________________   45
Survival and productivity of eelgrass from ten populations ____ 45
The relationship between resilience and source population 
characteristics___________________________________________ 48
Conclusions __________________________________________________  53
III. TESTING THE RESTORATION SUITABILITY OF EELGRASS {ZOSTERA
MARINA L.) FROM GENETICALLY DIFFERENTIATED POPULATIONS IN 
A CAPE COD COASTAL LAGOON___________________________________ 72
Introduction___________________________________________________  72
Methods______________________________  ;_______________  76
Study site_______________________________________________ 76
Source population selection______________________________  77
Transplant methods______________________________________  78
Eelgrass m onitoring_____________________________________  79
Water quality m onitoring________________________________  79
Data analysis___________________________________________  79
Results 80
Water quality_________________________________




Comparison o f the field and mesocosm experiments__________ 84
Conclusion _______________________________________________ ■ 84
LITERATURE CITED______________________________________________________  93
APPENDIX A_____________________ •_______________________________________  107





Table 2.1 Geographic locations o f sources o f eelgrass, environmental conditions and
initial eelgrass morphology o f the plant populations that were used in the 
experiment_______________________________________________ 56
Table 2.2 Genetic diversity and clonality of the ten eelgrass source populations
where plants were collected for the mesocosm experiment___________ 57
Table 2.3 Eelgrass source population Fst matrix, a measure of genetic differentiation
between populations___________________________________________  58
Table 2.4 Mesocosm environmental data, including water temperature, salinity, PAR
and sediment characteristics_____________________________ '_______  58
Table 2.5 Mesocosm water column dissolved oxygen, nitrogen, and phosphorus
concentrations_________________________________________________  58
Table 2.6 Summary of the effects o f the mesocosm factorial treatments on eelgrass
response measurements___________________________________ ______ 59
Table 2.7 The relationships between eelgrass response measurements and source
population environmental characteristics, initial eelgrass morphology and 
genetic diversity_______________________________________________ 60
CHAPTER III.
Table 3.1 Morphology of eelgrass from four populations prior to transplanting into a
field site 86
Table 3.2 Water quality of the East Harbor test transplant site between May and 




Water column dissolved nitrogen concentrations of the East Harbor test 
transplant site, collected monthly from September 2011 to December 2011 
_ ___________________________________________________________ 87
Eelgrass shoot density and ramet survival from four plant populations over 
the course o f twelve months o f growth in East Harbor ______________  88
LIST OF FIGURES
CHAPTER I.
Figure 1.1 Eelgrass {Zostera marina L.) ramet structure___________________________ 24
CHAPTER II.
Figure 2.1 Map of the locations of the ten genetically differentiated eelgrass
populations used in a 13-week mesocosm experiment_______________  61
Figure 2.2 Photo of outdoor mesocosm set-up at Jackson Estuarine Laboratory,
Durham, New Hampshire_______________________________________  61
Figure 2.3 Schematic o f mesocosm factorial experimental design________________ 62
Figure 2.4 Percent survival o f eelgrass ramets originating from ten genetically
differentiated populations following 13 weeks o f growth in four 
environmental treatment combinations____________________________  63
Figure 2.5 Shoot production rate per subplot o f eelgrass ramets originating from ten
genetically differentiated populations in four environmental treatment 
combinations__________  64
Figure 2.6 Shoot density per subplot of eelgrass originating for ten genetically
differentiated populations following 13 weeks o f  growth in four 
environmental treatment combinations____________________________  65
Figure 2.7 Number o f shoots per ramet in eelgrass originating for ten genetically
differentiated populations following 13 weeks o f growth in four 











Rhizome elongation rate per ramet per day in eelgrass originating for ten 
genetically differentiated populations following 13 weeks o f growth in 
four environmental treatment combinations________________________  67
Weight produced per ramet in eelgrass originating for ten genetically 
differentiated populations following 13 weeks o f  growth in four 
environmental treatment combinations_____________________________ 68
Resilience score in eelgrass originating for nine genetically differentiated 
populations following 13 weeks of growth in four environmental treatment 
combinations__________________________________________________  69
The relationships between eelgrass resilience score and eelgrass source 
site environmental conditions, initial eelgrass morphology and genetic 
diversity______________________________________________________  70
Duck Island sediment conditions identified as an anomaly___________  71
III.
Map o f the locations of the four eelgrass population used in the field test 
transplant study and the field study test transplant site East Harbor, Truro, 
M A  _ _  89
Eelgrass ramets attached to transplanting anchor___________________  90
Schematic o f test transplanting design in East Harbor_______________  91




THE ROLE OF EELGRASS {ZOSTERA MARINA L.) SOURCE POPULATION 
CHARACTERISTICS IN RESILIENCE TO STRESS AND RESTORATION SUCCESS
by
Holly K. Bayley 
Univerity o f New Hampshire, December, 2012
Eelgrass {Zostera marina L.), an underwater marine flowering plant, has a high degree o f 
morphological plasticity that allows it to survive and grow under a range o f conditions 
and adapt to environmental changes. The degree to which resilience to stress varies 
among eelgrass populations is important for eelgrass conservation and management. 
Eelgrass plants from ten genetically differentiated populations were used in a mesocosm 
experiment where light availability and sediment organic content were manipulated. 
Productivity and survival were inhibited and morphology was altered by the stress 
treatments, with these plant responses differing significantly among populations. To 
further test differences in resilience, eelgrass from the populations exhibiting the greatest 
resilience were transplanted into a restoration site. Eelgrass from only one population 
survived and expanded. The findings of the mesocosm and field experiments indicate that 




INTRODUCTION AND BACKGROUND ON EELGRASS ECOLOGY, 
GENETICS AND MANAGEMENT
OVERVIEW OF SEAGRASSES
Seagrasses are submerged rhizomatous marine angiosperms that have adapted to 
living in most of the world’s nearshore environments (Green and Short, 2003).
Seagrasses inhabit shallow subtidal, intertidal, and deep water down to 90 m depth in 
temperate and tropical/subtropical latitudes (Setchell, 1920; Miki, 1934). Seagrasses are 
thought to have evolved from coastal terrestrial and freshwater angiosperms 100 million 
years ago (den Hartog, 1970; Les et al., 1997). Currently, 72 seagrass species have been 
identified, though the taxonomy o f some seagrasses is not completely resolved and 
genetic studies to remedy this situation are ongoing (Short et al., 2011).
Seagrasses have key adaptations which allow them to survive in marine 
environments. These adaptations include submarine (hydrophilous) pollination, blade or 
subulate leaves with protective sheaths, and extensive lacunar systems which allow for 
leaf buoyancy and internal gas flow to maintain the oxygen supply to below-ground 
structures in anoxic sediments (Hemminga and Duarte, 2000). Seagrasses are clonal 
plants comprised of connected modules, which make up of individual units called ramets. 
These ramets include a rhizome, a bundle o f leaves attached to the rhizome, and a root
system. They reproduce vegetatively, by extending module units horizontally, and 
sexually, by producing fruits, seeds, or viviparous seedlings (Kuo and den Hartog, 2001). 
More than half o f the recognized seagrass species are dioecious, which means they have 
distinct male and female plants (Les et al., 1997). The flowers are typically small and 
inconspicuous, and the structure can vary substantially between species (den Hartog, 
1970). Seagrasses grow in monotypic stands o f one species to very diverse stands o f up to 
19 species in some tropical regions (Short et al., 2007).
Factors controlling the distribution of seagrasses
Light is a major controlling factor o f seagrass distribution. The maximum depth 
limit o f seagrasses is mostly determined by the depth at which sufficient amount o f light 
can reach the bottom (Dennison, 1987; Hemminga and Duarte, 2000). Because tidal 
range affects water depth, it also influences light availability (Koch and Beer, 1996). The 
maximum depth limit for seagrass growth may also be influenced by the optical 
properties of the water column, including inorganic suspended sediments, phytoplankton, 
and colored dissolved organic matter, (Kenworthy and Haunert, 1991) as well as by 
photoperiod (Dennison and Albert, 1985). The minimum light requirement for seagrass 
has been described as 10 to 20% surface irradiance, though light requirements vary 
among species (Duarte, 1991). High light conditions found in shallow water and the 
intertidal zone can inhibit photosynthesis (Abal et al., 1994) and production. The 
minimum depth (or upslope limit) of seagrasses may also be determined by their 
resistance to exposure to air, wave action and ice scour (Short et al., 2001).
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Other important factors affecting seagrass distribution include salinity, turbulence 
from waves and currents, temperature and sediment conditions. Seagrasses occur in a 
wide range of salinity conditions from brackish to hypersaline (Touchette, 2007), and 
also in a wide range of hydrodynamic conditions, from stagnant to relatively high 
velocity (Koch, 2001). Current velocity, circulation and wave exposure all influence 
seagrass distribution and habitat structure (Fonseca et al., 1983). Temperature influences 
the physiology o f seagrasses. Individual species have particular thermal tolerances and 
ideal temperatures for photosynthesis, respiration, and growth (Green and Short, 2003). 
Since seagrasses are rooted plants, sediment conditions are important to growth and 
survival. Sediment characteristics, including grain size distribution, organic content and 
geochemical processes, affect the growth, morphology and distribution of seagrasses 
(Short, 1987; Touchette and Burkholder, 2000).
Seagrass distribution is also influenced by reproductive strategy. Most seagrass 
species rely on asexual reproduction for population maintenance (Waycott et al., 2006), 
though some species rely heavily on sexual propagules (Kuo and den Hartog, 2001). 
Environmental conditions can significantly affect reproductive strategy. For example, 
highly disturbed populations tend to rely on sexual propagation for population 
maintenance (Robertson and Mann, 1984; Meling-Lopez and Ibarra-Obando, 1999). 
Sexual reproduction and seed germination are influenced by temperature and photoperiod 
(Phillips and Lewis, 1983, 1983; Durako and Moffler, 1981). Seagrass distribution can 
also be influenced by competition with different seagrass species, and other benthic 
macrophytes, native or introduced (Short and Burdick, 1996; Williams, 2007).
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The value of seagrasses
The values of seagrass meadows are well recognized (Costanza et al., 1997). 
Seagrasses have an exceptional capacity to alter the physical and chemical properties of 
their environment, thereby performing the functions of ecosystem engineers (Wright and 
Jones, 2006). The canopy structure o f seagrasses alters water flow by baffling 
hydrodynamic energy from currents and waves, and filters and traps particles in the water 
column, promoting water clarity (Ward et al., 1984; Short and Short, 1984; Fonseca and 
Calahan, 1992). Seagrasses have also been acknowledged for their role in clearing the 
water column by filtering out nutrients (Short and Short, 1984; Hemminga and Duarte, 
2000). Seagrasses are considered carbon sinks, as they remove carbon dioxide from the 
atmosphere and bind it in organic form in the sediments (Mcleod et al., 2011). The 
below-ground structures o f seagrasses (roots and rhizomes) form thick matted networks 
that bind the sediment, thus stabilizing shorelines and lessening erosion (Fonseca, 1989; 
Hemminga and Duarte, 2000).
Seagrasses and their epiphytes form the basis of many coastal food webs through 
linkages between herbivores, predators and detrital export (Heck et al., 2007). Seagrass 
canopies provide habitat for commercially important marine fauna (Heck et al., 2007), 
and are major food sources for a variety of marine mammals, sea turtles, and waterfowl 
(Heck and Valentine, 2006). When in close proximity, seagrass beds are linked with coral 
reefs through foraging fishes (Nagelkerken and van der Velde, 2002). Additionally, coral 
reef structure and function are usually enhanced when connected or adjacent to seagrass 
beds, as seagrass beds provide protection by dampening wave energy (Heck et al., 2007). 
Seagrass beds are also linked with mangrove forests (Marguillier et al., 1997) and salt
marshes by foraging fishes and animal migration (Heck et al., 2007). Seagrass detritus 
has even been documented as having far-reaching connections to the deep-sea, where it is 
grazed on by benthic fauna (Vetter, 1998) and to terrestrial inland habitats through 
salmon migrations (Schindler et al., 2003).
HOW AND WHY SEAGRASSES ARE DECLINING
Seagrass abundance and distribution have been declining along many o f the 
world’s developed coastlines (Orth et al., 2006; Waycott et al., 2009). Many types o f 
disturbances, occurring at various scales, negatively affect seagrass meadows, although 
eutrophication and sedimentation o f coastal zones are recognized as the two major factors 
responsible for seagrass declines worldwide (Walker and McComb, 1992; Short and 
Wyllie-Echeverria, 1996; Green and Short, 2003; Orth et al., 2006; Burkholder et al., 
2007; Waycott et al., 2009). Cultural eutrophication is defined as a system's response to 
over-enrichment of nutrients that are limiting to primary producers (Nixon et al., 1996). 
These nutrients are typically nitrogen and phosphorus (Burkholder et al., 2007). Increased 
human development o f inland watersheds has led to increased nutrient and organic 
loading from sewage, storm and agricultural runoff into waterways that connect to marine 
environments (Nixon et al., 1996; Hauxwell et al., 2003). Nutrient over-enrichment 
stimulates the growth of competitive algae, including macroalgae, epiphytes and 
phytoplankton. Light reduction to seagrasses caused by the overabundance o f algae is the 
most common mechanism invoked for seagrass decline (Short and Wyllie-Echeverria,
1996). Oxygen deficits, caused by increased organic loading and high-biomass algal 
blooms may also lead to seagrass loss (Burkholder et al., 2007). The loss o f  the
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vegetative riparian buffers, which absorb excess nutrients and filter sediments, has 
exacerbated the problem (Valiela and Coles, 2002). Excessive amounts of sediment can 
increase water column turbidity and consequently reduce light availability, and smother 
seagrass. Human activities typically associated with sedimentation include dredging, 
coastal development, forestry practices in the watershed, and increased nutrient loading 
(Terrados et al., 1998; Coles et al. 2003; Freeman et al., 2008). Other human activities 
that result in direct damage to seagrass beds include propeller scarring from boat motors, 
shading by docks (Burdick and Short, 1999), dredging and filling (Short et al., 1989), and 
fishing practices such as mussel dragging (Neckles et al., 2005).
The effects of reduced light on seagrass
Declines and losses of seagrass have been strongly linked to coastal development 
(Short and Wyllie-Echeverria, 1996) and nitrogen loading (Short and Burdick, 1996; 
Borum, 1996). There are a number o f changes that occur in the environment as a result o f 
excessive nutrient inputs that are associated with reduced light and losses o f  seagrass 
functionality and abundance. Increased sedimentation can have a similar light-reducing 
effect. Increased algal growth in the form of phytoplankton, epiphytic algae, and 
macroalgae have large effects on seagrass by reducing light availability to these rooted 
plants. Mesocosm experiments have provided more evidence that water column nutrient 
enrichment leads to seagrass degradation by promoting the rapid growth algae (Short et 
al., 1987). However, in low-nutrient environments, where the only factors limiting 
growth are nutrients, nutrient enrichment can actually enhance seagrass growth (Udy and 
Dennison, 1997).
The effects of water column hypoxia and sediment anoxia on seagrass
As fast-growing algae respond to increased nutrients, the respiratory demands o f 
the systems can outpace the amount of oxygen diffusing into the water and produced by 
photosynthesis, leading to hypoxic and anoxic water column and sediment conditions 
(Sand-Jensen and Borum, 1991). Sediment anoxia inhibits respiration, nutrient uptake 
and other metabolic functions in seagrass roots (Smith et al., 1984). Prolonged anoxia in 
the root zone increases demand for oxygen to be transported to seagrass roots (Smith et 
al., 1984). During dark periods (night), seagrasses rely on water column oxygen taken up 
by leaves to sustain respiration o f roots and rhizomes (Sand-Jensen et al., 2005; Borum et 
al., 2005). Under the conditions o f sustained low oxygen availability, increased 
respiratory demand can create a feedback mechanism in which photosynthesis, leaf size, 
and number of leaves per shoot are all reduced (Holmer and Bondgaard, 2001). 
Meristematic tissue can also become damaged (Greve et al., 2003), and lead to shoot die­
off.
The concentration of oxygen in the pore water o f sediment is affected by the 
concentration of oxygen in the overlying water, as well as sediment grain size and 
organic content. The larger the grain size, the larger the porewater space is, which 
therefore allows more water and oxygen circulation through the sediments. If the water 
column oxygen concentration is low, its ability to supply oxygen to the pore water will be 
limited. As the distribution of fine-grained sediments increases, the rate o f porewater 
exchange with overlying water decreases (Kemp et al., 1992). Eutrophication o f  coastal 
waters often leads to increased organic loads to the sediment. Decomposition can lead to 
rapid oxygen consumption. Restricted porewater exchange, increased respiration
demands, and prolonged anoxia can lead to increased concentrations o f porewater 
nutrients (Kenworthy et al., 1982) and accumulation of compounds toxic to plants in the 
pore water (Holmer and Nielsen, 1997; Terrados et al., 1999).
Respiration by microbes in the sediment is controlled by the availability o f  
electron acceptors. Because oxygen diffusion into fine-grained and organic-rich sediment 
is limited (Kemp et al., 1992), other, electron acceptors, like sulfate, become important 
for decomposition of organic matter (Holmer and Nielsen, 1997). Marine sediments are 
typically highly reduced naturally, and hydrogen sulfide (the reduced product o f sulfate) 
concentrations in these sediments can be high (Terrados et al., 1999). Sulfide negatively 
affects seagrass photosynthesis, metabolism, and growth (Carlson et al., 1994; Goodman 
et al., 1995; Holmer and Bondgaard, 2001; Holmer and Laursen, 2002). Laboratory and 
field experiments have investigated the effects of sulfide on seagrass. Goodman et al. 
(1995) tested the photosynthetic response o f Zostera marina to increased sediment 
sulfide concentrations and reduced light. They found that the combined effects o f reduced 
light and increased porewater sulfide reduced P max (a measure of maximum 
photosynthesis) significantly more so than either reducing light or increasing porewater 
sulfide alone.
The direct effects of nutrient enrichment
Although the most well recognized factors contributing to seagrass declines are 
indirect, evidence exists for direct negative impacts o f  nutrient enrichment (Burkholder et 
al., 1992, 1994). Seagrasses derive nitrogen and phosphorus from mostly inorganic 
forms, such as N H /, N (V  and POT3, and can take up nutrients from sediment pore water
via roots and from the water column via leaves (Short, 1987). The rate o f nitrogen uptake 
may be higher for roots when sediments are rich in nitrogen, and for leaves when the 
water column is enriched (Short and McRoy, 1984).
Seagrass nutrient requirements are relatively low compared to other marine 
plants. For example, phytoplankton require four times more nitrogen and phosphorus 
than seagrass, on a carbon unit weight basis (Hemminga and Duarte, 2001). The low 
nutrient concentration requirements for seagrasses are beneficial for growth in low- 
nutrient environments, but physiological adaptations to surviving in low-nutrient coastal 
waters may be detrimental to survival in highly nutrient-enriched environments 
(Burkholder et al., 2007). Both nitrogen and phosphorus can be stored in seagrasses and 
laboratory studies have shown limited product feedback inhibition (Touchette and 
Burkholder, 2000). The lack o f product feedback inhibition can lead to internal C 
limitation causing structural weakening o f the meristem (Burkholder et al., 1992). Lack 
o f product feedback inhibition allows the continual uptake o f nutrients beyond the 
capacity of a plant’s requirements, and is thought to indicate an adaptation to nutrient- 
poor habitats or to changing nutrient regimes (Burkholder et al., 1992). Low nitrogen 
adapted plants might have evolved to maximize responses to NO3' enrichment compared 
to plants that already grow in nitrogen-rich environments. Laboratory experiments have 
demonstrated that both NO3' (Burkholder et al. 1992; 1994) and NH4+ (van Katwijk et al.
1997) in both the water column and sediments can be toxic to eelgrass.
HOW  SEAGRASSES ADAPT TO ENVIRONMENTAL CHANGE
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Seagrasses have a high degree of phenotypic plasticity that allows them to survive 
and grow under a range of environmental conditions, and to recover from disturbance. It 
is known that eelgrass growth and morphology (phenotypic traits) are affected by the 
physical characteristics of their environment. Morphological variations within a species 
have been related to light, sediment type, water depth, temperature, nutrients, wave 
energy and current velocity. The effect o f light on seagrass morphology has been 
intensely studied (Dennison and Alberte, 1986; Olesen and Sand-Jensen, 1993; Short et 
al., 1995; Moore et al., 1997; Ochieng et al., 2010). Leaf length and the partition of 
above- to below-ground biomass generally increase with reduced light, and leaf width 
and shoot density decreases (Dennison and Alberte, 1986; Olesen and Sand-Jensen,
1993). These morphological responses are thought to be a phenotypic adaptation to 
reduced light availability, as plants express a leaf morphology that is more efficient at 
capturing low light and thereby optimizes photosynthesis (Short, 1983; Ochieng et al., 
2010). In higher light, Z. marina tends to produce greater shoot density and smaller 
shoots (Short et al., 1995; Moore et al., 1997; Ochieng et al., 2010).
Plant morphology and physiology have also been related to hydrodynamic 
conditions and sediment conditions (Koch, 2001). Fonseca and Bell (1998) documented 
an inverse relationship between current velocity and above- to below-ground biomass. 
Short (1983) studied sediment nutrients and plant morphology in a Z. marina bed along a 
depth gradient to examine the relationship between nutrient concentrations and plant 
morphology. High shoot density and below-ground biomass in nitrogen-poor sediments 
was shown to result from the plants’ morphological adaptation to maximize nitrogen 
absorption (Short, 1983). Lower shoot density and below-ground biomass was observed
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in Z. marina growing in the nutrient rich sediments. The negative relationship between 
shoot density and nitrogen pool implied a trade-off between shoot density and shoot size 
for obtaining maximum light energy and optimizing use o f the nitrogen resource (Short, 
1983).
SEAGRASS RESTORATION 
The importance of seagrass restoration
It is well-known that human activities have caused extensive declines in seagrass 
distribution and abundance (Short and Wyllie-Echeverria, 1996; Waycott et al., 2009). 
Restoring seagrass habitat offers opportunities to bring back the many ecological 
functions they provide. In some cases impacts caused by humans, which lead to seagrass 
death, are temporary. Once conditions improve, seagrass may naturally recolonize the 
area. Natural recovery of seagrass has been observed-in many species (Pergent-Martini et 
al., 2002; Cunha et al., 2005; Neckles et al., 2005; Vaudrey et al., 2010). Although 
seagrass mortality often occurs rapidly (weeks to months), the rate o f transition from a 
denuded seagrass state to a seagrass-dominated state is much slower. For rapid natural 
recovery (over 1-2 growing seasons), a viable seed source and successful germination are 
necessary (Plus et al., 2003). Recruitment via vegetative expansion may take much longer 
than seedling recruitment (Jonhannson and Lewis, 1992). Seagrass restoration can 
accelerate recolonization and return seagrass to an area much more quickly than natural 
processes.
Seagrass restoration and compensatory mitigation (hereafter referred to as simply 
'restoration') have been implemented in many regions in attempts to restore lost seagrass
habitat or to compensate for the unavoidable destruction o f seagrass habitat (Fonseca et 
al., 1998; Paling et al., 2009). Occasionally seagrasses are transplanted into areas where 
no historic record o f their presence exists. Considering the widespread destruction of 
seagrass habitat, transplanting seagrass into areas with potential to support seagrass is 
considered a form of restoration, regardless o f historical seagrass presence or absence.
The challenges of seagrass restoration
Variability in restoration success has been the focus o f many research efforts, 
with much emphasis on site selection and reestablishment methods. The most important 
step in seagrass restoration is the identification of suitable restoration sites. It is 
imperative that a restoration site have physical and biological conditions which are 
conducive to supporting seagrass. Short et al. (2002) developed a site selection model 
which synthesizes a number o f environmental characteristics to identify potentially 
suitable restoration sites for Z. marina in the northeast United States. Similar restoration 
site selection approaches are used in other regions o f the world, and when site selection 
criteria are implemented effectively, restoration success rates are greater (Paling et al., 
2009).
There are many viable reestablishment methods used for seagrass restoration. The 
suitability of the restoration method depends on the target species, its growth habit and 
reproductive strategy, the restoration site's environmental conditions and the financial 
cost of the restoration itself (Fonseca et al., 1998). Both seeds and vegetative transplants 
have proved to be successful methods for restoring seagrass (Fonseca et al., 1998; Paling 
et al., 2009). Vegetative transplant techniques are the most widely implemented (Fonseca
12
et al., 1998; Paling et al., 2009). Seagrass sods (plants with sediment attached) from 
shovel size (Fonseca et al., 1998) to large, 0.5 m2, sods are also used (Paling et al., 2001). 
Sediment-free (bare root) methods have proved successful too, and are less labor 
intensive (Churchill et al., 1978; Davis and Short, 1997; Fonseca et al., 1998; Short et al., 
2002b). Seeds have been used in some seagrass restoration efforts (Fonseca et al., 1998; 
Paling et al., 2009). Despite some very successful seeding efforts, seeding is not a typical 
approach due to certain disadvantages, including bioturbation (Davis et al., 1998), 
unpredictable germination time, and low seedling viability (Moore et al., 1993; Fonseca 
et al., 1998). In general, transplant techniques are well established. Adjustments are 
occasionally made to methodology to accommodate the site conditions and growth habit 
of particular species. Though even with effectively implemented site selection and 
transplants techniques, restoration attempts often fail on account of other factors that 
influence seagrass restoration success.
The role of donor population selection plays in seagrass restoration success may 
be profound (Williams, 2001; van Katwijk et al., 2009). The guidelines in the seagrass 
restoration literature follow the general criteria that suitable plant traits for a restoration 
can be attained by selecting donor populations which are nearby to the restoration site, 
grow in similar environmental conditions, and are healthy (Addy, 1947; Calumpong and 
Fonseca, 2001). The hypothesis that seagrass donor populations may differ in their 
suitability to serve as donor stock for restoration has however, only been addressed in a 
few studies. In the Mediterranean, Meinez et al. (1993) transplanted Posidonia oceanica 
plants originating from twelve different populations and found significant differences in 
survival and growth among several of the populations. In contrast, Piazzi et al. (1998)
found no differences in performance of P. oceanica transplants originating from two 
different populations. In outdoor mesocosm experiments, van Katwijk et al. (1997, 1999) 
tested the relative responses of Z  marina plants originating from different populations to 
light, salinity and nutrient manipulations. In one study, Z  marina plants from five 
different populations were exposed to reduced light conditions and no difference in shade 
tolerance among populations was found, though they did find significant differences in 
survival and reproductive strategy (van Katwijk, 1997). They also observed that after one 
year of growth in the mesocosms, the transplants conserved the reproductive strategy 
exhibited at their population of origin, which they hypothesized indicated genetic 
differences and/or low phenotypic plasticity (van Katwijk et al., 1997). In another study, 
van Katwijk et al. (1999) exposed Z. marina transplants from two sites with contrasting 
salinity regimes, to a range of salinity and nutrient levels. They found no difference in 
response between the populations. Van Katwijk and Wijgergang (2004) tested the 
seedling recruitment rate o f two potential donor populations under different 
hydrodynamic and sediment conditions. They found that germination did not vary 
between the populations but seedling survival did (van Katwijk and Wijgergang, 2004). 
These studies suggest that donor population selection matters for restoration success in Z. 
marina. Furthermore, they imply that there may be differences among populations, 
differences which influence resilience to the stresses associated with transplanting and 
environmental change.
SEAGRASS GENETICS
The contribution of genetic diversity in seagrass restoration and resilience to 
environmental change
Genetic diversity, as it is used in this thesis, is a metric used to quantify the level 
of genetic variation within a population or individual (Hughes et al., 2008). Genetic 
diversity is the basis from which evolution occurs (Fisher, 1930; Davis and Shaw, 2001). 
In other words, the genetic diversity o f individual seagrass plants sets the limits from 
within which a plant can adjust its morphology and physiology to survive and grow under 
changing environmental conditions. Genetic diversity in seagrasses and the distribution 
of genes is determined by a combination o f factors including gene flow, genetic drift and 
mutation, life history (reproductive strategy) and demography (Procaccini et al., 2007). 
Different reproduction and dispersal strategies have the potential to influence genetic 
structure within and among populations (Kendrick et al., 2012). Acting concurrently with 
these drivers of genetic diversity is the selection for different phenotypes determined by 
ecological adaptation, which is driven by changes in the structure and regulation o f genes 
(Procaccini et al., 2007).
Seagrasses can reproduce either sexually through flowers and seeds, or asexually 
by clonal expansion. Thus, two levels o f genetic diversity, genotypic and allelic diversity, 
exist in seagrass populations. Genotypic diversity is defined as the number o f genotypes 
(genets or clones) within a population (Appendix 1). Allelic diversity is defined as the 
number and frequency of different alleles at a locus. Both levels of diversity may have 
important implications for short-term resilience to disturbance (Hughes and Stachowicz, 
2004; Reusch et al., 2005; Ehlers et al., 2008) and long-term population stability 
(Williams, 2001).
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Through investigations o f the variation of neutral genetic markers, there have 
been significant advances toward a better understanding of the genetic diversity and 
structure of seagrass populations (Procaccini et al., 2007). As contrasted to functional 
genetic variation, which is the variation in genes that are directly involved in natural 
selection, neutral genetic variation should vary in a relatively consistent way over time 
without a bias from selection pressures (Avise, 2004). Therefore, neutral genetic markers 
are useful for investigating gene-flow, migration and dispersal, and are practical for 
identifying areas important for conservation (McKay and Latta, 2002). Though neutral 
genetic markers are assumed to not be subject to selective pressures, they are used as a 
proxy for genome-wide diversity, which includes both neutral and functional genes. 
Because diversity of neutral genetic variation should, in theory, correlate with genome- 
wide diversity, neutral markers are often used to investigate associations between genetic 
diversity and fitness traits (Leimu et al., 2006).
The role of genetic diversity and the factors influencing genetic structure within 
and among seagrass populations merit consideration for conservation and management 
(fUCN, 2012). The declining trends in the abundance of seagrasses (Waycott et al., 2009) 
raise concerns about potential adverse effects o f genetic bottlenecks and long-term 
viability related to loss of genetic diversity (Williams, 2001). Bottlenecks can be seen as 
a large reduction of a population, followed by a recovery. The remaining individuals 
represent only a subsample of the genetic diversity o f the original population. Therefore 
the new, or founder, population will have lower genetic diversity than the original 
population. This phenomenon is referred to as a founder effect, first coined by Ernest 
Mayr in 1942. Atlantic Z  marina populations likely experienced a genetic bottleneck
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after the 1930s’ wasting disease outbreak, when an estimated 90% of eelgrass area was 
lost (Muehlstein, 1989), and some think it was the cause o f the relatively low genetic 
diversity now present in natural beds (Williams, 2001). Conversely, other surveys 
conducted along the western North Atlantic found little evidence for a genetic bottleneck 
(Campanella et al., 2010; Short et al., 2012). Due to founder effects, restored seagrass 
beds may have lower genetic diversity that naturally recruited beds (Williams and Orth, 
1998). One study estimated that genetic diversity in a number o f restored beds in 
southern California, Chesapeake Bay, New Hampshire and New Jersey was lower 
compared to un-transplanted populations (Williams and Orth, 1998). There is however, 
no evidence that clearly links low restored bed genetic diversity with lowered population 
fitness.
The importance o f genetic diversity in seagrass populations is recognized in 
theory (Frankeland Soule, 1981), although a consensus o f empirical evidence supporting 
this theory is lacking. Some studies support the hypothesis that the genetic diversity of 
neutral markers in seagrasses influences fitness (Williams, 2001; Reusch et al. 2005; 
Hughes and Stachowicz, 2004), while others have found no influence o f diversity on 
fitness (Amaud-Haond et al., 2009). Few studies have tested whether the response to 
degraded environmental conditions varies among seagrass populations, especially 
between those that are genetically differentiated. Furthermore, the influence o f population 
level genetic diversity, as opposed to the genetic diversity o f individuals, on the response 
of seagrass to degraded conditions has yet to be tested.
Eelgrass (Zostera marina L.) genetics
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Eelgrass {Zostera marina L.) is the most abundant seagrass species in the 
temperate northern hemisphere (Short et al., 2007). In the western North Atlantic eelgrass 
grows from Canada to North Carolina (Short et al., 2007). Eelgrass is a mono- 
meristematic, strap-bladed seagrass that continuously produces new leaf tissue at a basal 
leaf meristem (Short and Duarte, 2001) (Figure 1.1). It can be found growing in coastal 
lagoons, estuaries and shallow coastal habitats, and tends to form mono-specific stands 
(Short et al, 2007). Phenotypic characteristics o f eelgrass, such as canopy height and the 
contribution o f sexual reproduction to population maintenance, vary widely throughout 
its distribution (Green and Short, 2003). On the western North Atlantic coast, canopy 
height ranges from 0.2 m, at its southernmost limits where eelgrass grows intermingled 
with sub-tropical species, to 3m near its northernmost limits (Moore and Short, 2006).
Reproduction and dispersal strategies have the potential to influence genetic 
structure within and among populations. Eelgrass is monoecious, with both male and 
female flowers on the same shoot and is capable o f  self-pollination (Moore and Short, 
2006). Little is known about the dispersal range o f pollen, and what is known indicates 
pollen dispersal distance may be very low, only up to 15m (Ruckelshaus, 1994). Once 
flowers are pollinated, fruits and seeds ripen inside the spadix before the parent plant 
releases them. The reproductive shoots, which are buoyant, are easily detached from the 
parent plant and drift considerable distances, dispersing seeds broadly (Reusch et al., 
2000; Harwell and Orth, 2002). When reproductive shoots remain attached to the 
rhizome, seeds do not disperse far, ranging from 5m (Orth et al., 1994) to 30m 
(Ruckelshaus, 1994). Therefore, detached sexually reproductive shoots are more 
important in creating founder populations (Addy and Aylward, 1943) and maintaining
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gene-flow among spatially separated populations (Reusch et al., 2000; Kendrick et al., 
2012).
Over time, morphological adaptations, or phenotypes, likely accumulate within 
populations, potentially leading to the establishment of genetic variants that are best 
adapted to survival under local conditions (McKay et al., 2006). Dominance o f the fittest 
phenotypes leads to the reduction in number of phenotypes less suited for survival in that 
particular environment. Genetic differentiation between intertidal and subtidal eelgrass 
beds has been detected, suggesting that genetic differences between populations are in 
part due to selective pressures controlled by environmental conditions (Oetjen and 
Reusch, 2007). Similarly, the development of genetic strains thought to be adapted to 
high degrees of disturbance has been documented. For example, it is thought that hot 
temperatures in the Baja Peninsula (Meling-Lopez and Ibarra-Obano, 1999) and ice 
formation in Nova Scotia, Canada (Robertson and Mann, 1984) have led to the formation 
of genetically distinct annual strains.
Controlled experiments have demonstrated that eelgrass is able to alter its 
phenotypic traits to survive and grow under different environmental conditions; though 
the influence of genetic makeup and whether eelgrass plants from particular populations 
are more or less able to adapt to environmental change is not well understood. In the field 
of plant ecology, there is ample evidence that native plant populations are locally adapted 
over a range of spatial scales (Linhart and Grant, 1996). Evidence for local adaptation o f 
eelgrass was found in reciprocal transplant experiments o f in the Baltic Sea (Hammelli 
and Reusch, 2002). Hammelli and Reusch (2002) found that eelgrass plants produced 
significantly more biomass when transplanted in their native site than when transplanted
19
to a different location. Other studies have found population fitness and recovery after 
disturbance to be positively correlated with eelgrass genotypic diversity (Williams, 2001; 
Hughes and Stachowicz, 2004; Reusch et al. 2005). Further investigations into the role o f 
genetic diversity on the short-term response o f eelgrass to environmental disturbance and 
whether or not some populations are more or less resilient to environmental change are 
needed.
EELGRASS IN THE NORTHWEST ATLANTIC
Eelgrass once proliferated in the nearshore coastal waters and estuaries o f  the 
western North Atlantic (Setchell, 1920; Addy and Aylward 1944). Addy and Aylward 
(1944) describe eelgrass as “by far the most abundant plant species in brackish water 
bays and creeks from North Carolina to southern Labrador”. However, this observation 
occurred before the early 1930s’ wasting disease pandemic responsible for the loss o f 
over 90% of eelgrass in the eastern United States and Europe (Muehlstein, 1989). Prior to 
the wasting disease outbreak, thousands o f tons o f eelgrass were harvested annually for 
industrial use (Cottam, 1934). Dried eelgrass was used for soundproofing, insulating 
buildings, and feed and bedding for domestic livestock (Cottam, 1934). The loss of 
eelgrass had cascading effects on both natural and industrial communities (Cottam,
1934). One particularly notable effect o f  the loss o f  eelgrass was the collapse o f the 
scallop industry along much of the mid-Atlantic coast (Fonseca and Uhrin, 2008). Small- 
scale die-off events associated with wasting disease have been documented since then,
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but none have reached the large-scale epidemic status of the 1930s (Short et al., 1986, 
1987, 1988, 1989, 1993).
Addy and Aylward (1944) documented instances o f natural recovery following 
the wasting disease epidemic. They presumed that there were persistent strains o f 
eelgrass that were providing propagules to create small founder patches. Fonseca (2011) 
recounted anecdotal evidence of such founder populations at Nanaquaket Pond in Rhode 
Island. Though eelgrass populations recovered from the 1930s’ pandemic in some areas, 
other factors associated with increased development in coastal zones and watersheds have 
prevented complete recovery and led to further loss.
Transplanting .to restore eelgrass populations and mitigate for loss has been used 
in the western North Atlantic. In this region, restoration methods are generally well- 
established, and when implemented effectively, success rates are higher (Short et al., 
2002; Pickerell et al., 2005; Orth et al., 2010). Success rates are still not high enough to 
compensate for loss. Though, restoration efforts have yet to consider the role o f donor 
population in success.
Not many guidelines exist regarding donor population selection for eelgrass 
restoration. Addy (1947) recommended that nearby populations be selected for transplant 
stock with the assumption that nearby plants would be adapted to the local conditions. In 
support of that theory, Hammelli and Reusch (2002) found better performance in locally 
adapted genotypes than genotypes from a different location. Selecting only nearby 
populations as donor stock may not, however, reflect the genetic structure o f  natural 
populations (Williams and Orth, 1998). Williams and Orth (1998) observed that genetic 
diversity of restored beds was lower than natural beds, thus raising concerns about the
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effects of reduced genetic diversity and ultimately o f  limited evolutionary potential. 
Studies have found increased genetic diversity to be positively correlated with eelgrass 
transplant survival and productivity (Williams, 2001) and recovery after a disturbance 
(Hughes and Stachowicz 2004; Reusch et al., 2005); however, the degree at which 
genetic makeup of eelgrass influences resilience to stress requires further investigation. In 
addition, resilience to stress and disturbance may be related to other factors such as 
source site environmental conditions and eelgrass morphology. The relative influence of 
genetic diversity and other eelgrass source population characteristics on resilience to 
stress and restoration success warrants scientific evaluation.
PURPOSE OF THE THESIS
The present thesis evaluates whether the source o f eelgrass plants influences their 
resilience to stress when plants are transplanted into a new and physiologically stressful 
environment. The objectives were to: 1) test whether eelgrass plants from genetically 
differentiated populations respond similarly to the stresses of increased sediment organic 
content and reduced light, and 2) test whether eelgrass plants from genetically 
differentiated populations respond similarly to being transplanted into a field site under 
natural conditions.
In Chapter II, the relative response of eelgrass from ten genetically differentiated 
populations along the western North Atlantic coast to stresses associated with 
eutrophication is assessed. Specifically, reduced light and increased sediment organic 
content were evaluated, in a full factorial approach via common garden mesocosm 
experiments. It was hypothesized that eelgrass plants from genetically differentiated
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populations vary in their ability to survive and grow under the stresses of low light and 
high sediment organic matter content. The study presented in Chapter II utilized data 
presented in the Short et al. (2012) study, The Eelgrass Resource o f Southern New  
England and New York: Science in Support o f  Management and Restoration Success, 
funded by The Nature Conservancy (TNC), which assessed the population genetic 
structure, environmental condition and resilience o f eelgrass from the region. The 
influence of source site and population characteristics upon eelgrass resiliency to stress 
was explored in greater depth in this thesis.
Chapter III presents a preliminary test o f survival and growth o f  the three most 
successful eelgrass populations from the mesocosm experiments plus a local population 
also used in the mesocosms, under natural field conditions. It was hypothesized that the 
same populations that did well in the mesocosm experiments would do well in the field. 
The methods, results and discussion of the field experiment and how the results o f the 















COMMON GARDEN M ESOCOSM  EXPERIM ENTS EVALUATE THE 
RESPONSE OF EELGRASS {ZOSTERA M ARINA  L.) FROM GENETICALLY 
DIFFERENTIATED POPULATIONS TO STRESS
INTRODUCTION
Seagrass beds are among Earth’s most valuable (Costanza et al., 1997) and 
vulnerable ecosystems (Short and Wyllie-Echeverria, 1996; Green and Short, 2003; Orth 
et al., 2006; Duarte et al., 2008). Seagrasses are exceptionally productive plants, forming 
the foundation o f many coastal food webs, and as a result support high levels o f species 
diversity and provide nursery grounds for marine fauna (Heck et al., 2007). Seagrass 
ecosystems also influence the physical and chemical properties of the water column and 
benthos (Hemminga and Duarte, 2001). Seagrass beds protect shorelines by dampening 
wave energy, and promote water clarity by filtering and stabilizing sediment and taking 
up nutrients (Short and Short, 1984). Seagrasses also play a key role in cycling nutrients 
and sequestering carbon in the coastal environment (Mcleod et al., 2011).
Seagrass abundance is declining globally (Waycott et al., 2009). The rate o f 
global seagrass loss is similar to that o f mangrove forests and is greater than tropical 
rainforests (Waycott et al., 2009). The world has been losing seagrass area at a rate o f 
approximately 48 football fields a day since 1980 (Dennison, 2009). Eutrophication and
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sedimentation o f coastal zones are the major factors responsible for seagrass declines 
worldwide (Walker and McComb, 1992; Short and Wyllie-Echeverria, 1996; Green and 
Short, 2003). Excess nutrient inputs leading to higher biomass of macroalgae and 
increased organic loads to the sediment have lead to substantial losses in seagrass 
abundance and distribution (Short and Wyllie-Echeverria; 1996). Excessive amounts of 
suspended sediment can increase water column turbidity and consequently reduce light 
availability, and can effectively bury, seagrasses (Coles et al., 2003; Terrados et al., 1998; 
Freeman et al., 2008). Climate change is anticipated to exacerbate these threats (Short 
and Neckles, 1999). The focus o f  this study is on eelgrass (Zostera marina L.), the most 
abundant seagrass species o f the northern hemisphere (den Hartog, 1970), and how the 
characteristics o f different eelgrass populations might influence resilience to 
eutrophication and make some populations better sources for restoration.
In the western North Atlantic region extensive losses o f  eelgrass beds have been 
linked to coastal development and subsequent eutrophication (Valiela et al., 1992; Short 
and Burdick, 1996; Orth et al., 2006). Eutrophication has caused widespread losses in 
eelgrass abundance and health through reduction in light availability (Short and Wyllie- 
Echeverria, 1996; Green and Short, 2003). Additionally, increased system respiration 
demands, often the result o f increased organic loads and algal biomass, have likely 
contributed to losses (Burkholder et al., 2007).
Laboratory and field experiments have advanced our understanding o f the specific 
factors of eutrophication responsible for eelgrass declines. Mesocosm experiments 
conducted by Short and others (1995) showed that water column nutrient enrichment 
promotes phytoplankton, epiphytes and macroalgae, all o f which reduce light available to
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seagrass. In field experiments by Terrados et al. (1999), prolonged sediment anoxia led to 
accumulation o f hydrogen sulfide, and inhibited eelgrass leaf growth. Although the most 
well-recognized factors of nutrient enrichment contributing to eelgrass declines are 
indirect, evidence exists for more direct negative impacts such as ammonium toxicity 
(van Katwijk et al. 1997) and water-column nitrate inhibition (Burkholder et al. 1992,
1994). Burkholder et al. (1992 and 1994) found that ammonium can accumulate in 
sediment at levels toxic to eelgrass. Though it is widely accepted that reduced light and 
increased sediment organic content impair eelgrass survival and growth, the degree to 
which the response to these stresses varies among eelgrass from different populations has 
not been thoroughly investigated.
Eelgrass plants exhibit morphological traits that most efficiently utilize available 
resources, thus allowing them to survive and persist in a range o f environmental 
conditions. For example, sediment ammonium has been shown to influence eelgrass bed 
structure and plant morphology (Short, 1983). Eelgrass morphology varies in relation to 
nutrient levels in the water column. Lee et al. (2004) found leaf mass to be negatively 
correlated with leaf nitrogen concentration. Eelgrass also displays a high degree o f 
phenotypic plasticity, or ability to adjust to environmental change. For example, under 
reduced light, field and laboratory experiments have shown that eelgrass plants produce 
fewer shoots per unit area (to prevent self-shading), increase leaf area per shoot, decrease 
leaf mass (to increase photosynthetic area), and allocate more biomass production to 
leaves rather than roots and rhizomes (Dennison and Alberte, 1986; Olesen and Sand- 
Jensen, 1993). There are recognized thresholds of environmental conditions that when
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crossed are beyond the capacity of eelgrass to adapt. The degree of eelgrass plasticity 
may differ among western North Atlantic eelgrass populations.
Genotypes, which express morphological or phenotypic adaptations, likely 
accumulate over long periods o f time within a population, theoretically leading to the 
dominance of genotypes that are best adapted to survival under particular conditions 
(McKay et al., 2006). Consequently dominance o f the fittest phenotypes leads to the 
reduction in number o f phenotypes less suited for survival in that particular environment. 
The dominance of specialized phenotypes may influence a population’s ability to adapt to 
change.
The way in which seagrasses respond to the environment depends on their genetic 
makeup (Davis and Shaw, 2001; Procaccini et al., 2007). Genetic diversity in seagrasses 
and the distribution of genes is determined by many factors, including gene flow among 
populations, genetic drift and mutation, demographics, and selection for different 
phenotypes determined by ecological adaptations. Population genetic studies o f eelgrass 
using neutral genetic markers have contributed to a better understanding o f the genetic 
structuring of populations on small local and large regional scales (Olsen et al, 2004; 
Campanella et al., 2010; Short et al., 2012).
The influence of genetic makeup, and whether particular populations are more or 
less resilient to environmental change is poorly understood in seagrasses. Evidence for 
local adaptation was found in reciprocal transplant experiments of eelgrass in the Baltic 
Sea (Hammerli and Reusch, 2002). Other studies, not specifically testing for evidence o f 
local adaptation, have found population fitness and recovery after disturbance to be 
positively correlated with genetic diversity (Williams, 2001; Hughes and Stachowicz,
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2004; Reusch et al., 2005). Conversely, a study found that greater genotypic diversity o f 
the Mediterranean endemic species, Posidonia oceanica, was not related to fitness traits 
(Amaud-Haond et al. 2009). More research is needed on the role of genetics, because the 
function of genetic diversity in the response o f seagrass species to environmental 
disturbance(s) remains unclear.
Presented in this study is an evaluation of the relative response o f eelgrass, from 
ten populations to stresses associated with eutrophication: reduced light and increased 
sediment organic content, using a common garden mesocosm experiment. The ten 
populations were genetically differentiated and present along the coast o f southern New 
England and New York, USA. The present study utilized data presented in the Short et al. 
(2012) study, The Eelgrass Resource o f  Southern New England and New York: Science in 
Support o f  Management and Restoration Success, funded by The Nature Conservancy 
(TNC), which assessed the population genetic structure, environmental condition and 
resilience of eelgrass from the region. Here, the influence of source site and population 
characteristics on eelgrass resilience to eutrophication stress is explored in greater depth. 
It was hypothesized that eelgrass plants from genetically differentiated populations would 
vary in their ability to survive, establish and grow in a new environment, particularly in 
response to added stresses of low light and high sediment organic matter. Specifically, 
the survival, productivity and morphology of eelgrass plants were evaluated, and 





A survey of the population genetic structure o f 39 southern New England and 
New York eelgrass populations was carried out in 2010 as part of a larger study of 
eelgrass population structure, environmental condition and stress resilience (Short et al. 
2012). The present chapter is a part o f the larger study, though the analysis herein goes 
into greater detail in regard to the resilience o f eelgrass from different populations.
In the Short et al. (2012) study, ten eelgrass populations were selected, based on 
preliminary findings o f genetic differences between populations as well as genetic 
diversity, and to represent the geographic range o f the sample region (Table 2.1; Figure 
2.1). One site from New Hampshire was included because eelgrass from the site proved 
suitable for mesocosm experiments in the past (Short et al. 1995, Ochieng et al. 2010).
Genetic differences were identified using seven DNA microsatellites (GA 2, GA 
12, GA 16, GA 17D, GA 19, GA 20, GA 23) developed for eelgrass (Reusch et al., 1999; 
Reusch et al., 2000). For this thesis, multi-locus genotype (MLG) data were obtained 
from the Short et al. (2012) study for the populations selected for experimentation, and 
measures o f genetic diversity were calculated here. Genotypic diversity was determined 
by dividing the number o f genets detected by the number of ramets sampled (Olsen et al. 
2004). Identical multi-locus genotypes were removed from the dataset for all other 
analyses. Basic genetic diversity, including unbiased expected heterozygosity (UHe), 
observed heterozygosity (H0) and inbreeding (F js) ,  were calculated in FSTAT (Goudet,
1995). Allelic richness (A) was also estimated in FSTAT and was based on a minimum 
sample size of 11 individuals, using rarefaction because sample sizes were unequal 
(Leberg, 2002). Pairwise Fst, a measure o f differentiation between populations, was
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calculated in GENPOP with significance determined at the 95% (p < 0.05) probability 
level after Bonferoni correction (Rousett, 2008). See Appendix A for definitions o f the 
genetic terminology.
Environmental information, including sediment organic content and salinity, was 
also available from each sample population location (Short et al., 2012; Table 2.1). The 
degree of nutrient loading for the locations o f each population was estimated in the larger 
study (Short et al., 2012) by measuring the ratio o f  leaf tissue carbon to nitrogen (Lee at 
al., 2004; Table 2.1).
Experimental design
Mature vegetative eelgrass ramets (shoots with attached rhizomes) growing in 
shallow water locations (< 1 m at low mean low water) were collected at the beginning of 
June 2011 from the ten selected populations. Plants were collected from the same 
geographic locations sampled for genetic analysis in 2010, within a GPS accuracy o f 5 m. 
Even though eelgrass ramets for the experiment were collected from the same geographic 
location, it is not certain that the levels o f genetic diversity o f the experiment plants were 
equivalent to the source population genetic diversity measured in the Short et al., (2012) 
study. Plants were transported to Jackson Estuarine Laboratory (JEL), where they were 
transplanted into twelve 1 m3 outdoor, flow-through, seawater mesocosms equipped with 
circulation pumps (Figure 2.2). Plants were held in flow-through seawater tanks for 24 to 
72 hours before they were planted. Seawater was pumped from Great Bay Estuary, 
adjacent to JEL, and gravity fed to each mesocosm. The flow rate of water coming into 
the mesocosms was increased between 9:00 am and 4:00 pm to keep water temperatures
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cool, and decreased between 4:00 pm and 9:00 am to minimize nutrient loading from the 
Great Bay Estuary.
Mesocosms were filled with sediment to a depth o f 10 cm. H alf o f the mesocosms 
received low organic matter content sediment (LOM, 1% of dry weight), and the other 
half received high organic content (HOM, 8% of dry weight) (Table 2.4). These two 
treatment levels were created by mixing high organic content (20% OM dry weight) 
marine mud with very low organic content terrestrial sand (<1%  dry weight). Each 
mesocosm was sectioned into ten 0.125 m2 subplots, using plastic garden edging cut to 11 
cm tall and sunk vertically into the sediment, creating a barrier to prevent rhizomes from 
growing into neighboring subplots (Figure 2.3). Each tank was stocked with 1,000 mud 
snails (Ilyanassa obsoleta) to prevent algae build-up and two stickleback fish (Apeltes 
quadracus or Pungitis pungitis) to control amphipod populations.
Fifteen single-shoot ramets from each population were planted into one randomly 
assigned subplot in each mesocosm between 7 and 17 of June, after being cleaned of 
epiphytes and pruned to minimize differences in initial plant mass. Specifically, leaves 
greater than 30 cm were trimmed and rhizomes were clipped to have only one rhizome 
node with fully developed roots. Shoots from all populations were trimmed to 30 cm, 
except those from Great South Bay and Shelter Island, as their canopy height was < 30 
cm. Neutral density screens, which allowed 58% surface irradiance (58% light) to 
penetrate 10 cm below the water surface (Ochieng et al. 2010), were added to half o f the 
LOM and half o f the HOM mesocosms on 23 July, at least five weeks after ramets from 
each population were planted (Figure 2.3).
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Mesocosm environmental measurements
Temperature was recorded in each tank at 30-minute intervals using HOBO 
pendent loggers (Onset Computer Co. Onset, MA). Salinity was monitored weekly, and 
dissolved oxygen and pH were measured intermittently throughout the experimental 
period using the hand-held YSI 85 (YSI Inc. Yellow Springs, OH). Photosynthetically 
available radiance (PAR 400-700 nm) was measured using LICOR 2n underwater 
quantum sensors (LICOR Inc. Lincoln, NE), once at mid-day on 3 September 2011.
Eelgrass response measurements
Shoot productivity
Shoot density (number o f shoots per subplot) was measured weekly from week 1 
through 9. Shoot productivity rates (new shoots produced per day per subplot) were 
estimated using the density data from week 1 through 5 (before light treatment) and week 
5 through 9 (with the two light treatments), by dividing the number o f new shoots 
produced each week by the number of days that had passed between the two 
measurement days.
At the end of the experiment, which included 84 to 101 days o f growth in the 
mesocosms, and 45 to 59 days o f shading, all eelgrass plants were removed from the 
mesocosms. Eelgrass plants were uprooted one population at a time, in the same order 
they were planted, between 5 and 19 September 2011 (hence the variation in number o f 
days shaded). Lateral shoots were kept intact to maintain the structure o f  entire ramets. 
All eelgrass material was brought into the laboratory where ramets and shoots were 
enumerated and morphology characteristics were measured.
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Ramet survival
Ramet survival was analyzed by enumerating the number of live ramets in each 
population in each mesocosm. Percent survival was calculated by dividing the number o f 
live ramets by the initial number o f ramets planted (15 initial ramets per subplot).
Morphology
Morphological characteristics o f each population in each mesocosm were 
estimated using the mean o f three haphazardly selected ramets per population per 
mesocosm were analyzed. For each haphazardly selected ramet, the following features 
were measured: total rhizome length (cm per ramet), number o f shoots (per ramet), 
number of rhizome nodes (per ramet), and rhizome intemode length (mm) were 
quantified. Three consecutive intemodes that were three nodes directly behind the 
meristem were measured. Shoot morphology of four shoots from each o f the three 
ramets, including the terminal shoot and up to three lateral shoots were measured. 
Rhizome elongation rate (mm produced per ramet per day) for the entire experimental 
period was calculated by dividing the total length o f the rhizomes of each ramet 
(including lateral shoot rhizomes) by the number o f days the ramet was growing in the 
mesocosm. Shoot morphology was evaluated by measuring total number o f leaves per 
shoot, sheath length (cm), leaf length from meristem to leaf tip (cm), and leaf width (mm) 
of the second youngest leaf.
All plant material was dried at 60°C for 48 hours and weighed. Above- and 
below-ground plant material was weighed separately. If ramets had greater than four
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shoots, the additional shoots were also dried and weighed to determine total ramet 
weight. Despite having trimmed and pruned ramets to minimize differences in initial 
mass, the populations were still initially morphologically different; therefore a subset o f 5 
trimmed and pruned ramets from each population were dried and weighed before the 
experiment and the mean ramet weight o f each population was used to calculate change 
in ramet mass (g produced per ramet). Shoot morphology measurements were used to 
calculate shoot height (cm) and leaf area (cm2 per shoot). Above-ground dry weights and 
leaf area were used to calculate leaf mass (g per cm2).
Photosynthetic characteristics
Photosynthetic characteristics o f the eelgrass plants were quantified during the 
last week of the study. Three measurements of effective quantum yield (T) in dark 
adapted leaves (second leaf of each of three replicate shoots) and the fraction o f 
photosynthetic photon flux (PPF) absorbed by the leaves (AF) were made for each 
population and treatment combination using the Diving-PAM® (Pulse Amplitude 
Modulated) fluorometer (Walz, Germany). AF is measured as the percent o f incident 
light absorbed by the leaf. The means o f the subplot replicates in each whole plot were 
analyzed. AF was derived by measuring light transmittance through attached submerged 
leaves and incident PAR adjacent to the leaf, and dividing the difference between the 
measurements by the incident light. Electron transport rates (ETR) were calculated 
following the equation: Y  x incident PAR * AF x 0.5 (Beer et al. 1998).
Assessing resilience among populations
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In order to attain a more complete description of eelgrass response to the 
environmental treatments, a new variable was created by combining the values o f four 
different response parameters. The resulting variable was named the “resilience score”. 
The resilience scores were calculated by summing the standardized values o f  each 
response parameter. The responses were standardized to the grand mean then divided by 
the standard deviation of the mean. By dividing by the standard deviations, the responses 
with lower variance were more heavily weighted.
X — response value
X — grand mean
a  = standard deviation
/ = population
j  = percent ramet survival
k -  number o f shoots ramet'1
I = rhizome elongation rate (mm day’1 ramet'1)
m = weight gained ramet'1 (g)
Statistical analyses
Means and standard errors for all measured variables were calculated for each 
eelgrass population and environmental treatment. A split-plot design was used, in which 
OM and Light were applied to whole plots, and population was applied to subplots in a
X - X  X. . -X.  x . - x .
resilience = —------   + —-------  + —------ -
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completely randomized manner. Each mesocosm served as a whole plot and each 
population within each mesocosm served as a subplot. When replicate samples were 
taken within a subplot (i.e., three ramets for each subplot), the means o f the subplot 
replicates were analyzed (n = 3 for each population in each environmental treatment 
combination). Productivity and morphology measures were analyzed using a least 
squares restricted maximum likelihood (REML) regression analysis to test the main 
effects o f the OM and light treatments and subplot effects o f population. Tukey’s test o f 
multiple comparisons was used to identify significant differences among populations. 
Least squares linear regression was used to test for relationships between the following:
1) donor population environmental conditions and response parameters, and 2) genetic 
diversity of the source population and response parameters. All statistical analyses were 
done using JMP (Version 9.0.2, SAS Institute Inc.) with significance determined at the 
95% probability level (p < 0.05).
RESULTS 
Sample population genetic structure
In the TNC study by Short et al. (2012), a total o f 241 ramets from the ten 
populations were genotyped revealing 232 unique multi locus genotypes (MLG). All 
individuals and populations were genotyped using 7 loci, except for Ninigret Pond, RI, 
where only 5 loci were used (GA 2 and GA 23 were not successful). The genetic 
structure of the sample populations is summarized in Table 2.2. For the Ninigret Pond 
population, allelic richness (A) was not estimated due to the unequal number o f  loci. In
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accordance with the Short et al. (2012) study, most populations were significantly 
differentiated, as indicated by significant pairwise Fst (Table 2.3).
Mesocosm environmental conditions
The mean organic matter content in the mesocosms was 8.2% in the HOM 
treatment, much higher than most o f the source populations, and 1% in LOM (Table 2.4). 
Sediment conditions at the source populations ranged from sandy low OM content at 
Southway, MA and West Island, MA to fine-grained sediment at Nannies Island, NH and 
Duck Island, CT (Table 2.1). Sediment grain size distribution differed between OM 
treatments, with a higher percentage of fine sediments in the HOM treatment (Table 2.4). 
Water column dissolved nutrients were higher in mesocosms containing HOM than those 
containing LOM (Table 2.5). The greatest difference in dissolved nutrients among the 
treatments was observed in the samples taken in the morning following the evening 
reduced flow (Table 2.5). Mean monthly water temperatures in the mesocosms were 
highest in July and did not differ among the environmental treatment combinations 
(Table 2.5). Mean salinity was lower in the mesocosms than at all the donor population 
sites except Nannies Island, NH (Tables 2 .1).
Eelgrass response measurements
Survival
Eelgrass ramet survival was higher in LOM (p < 0.0001) and full light (p = 
0.0376). Survival varied among populations (p < 0.0001), but not always similarly within 
each OM treatment (OM x population: p  = 0.0017) or light treatment (light x population:
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p  = 0.021; Table 2.6). In descending order o f percent ramet survival, high survival rates 
were found in eelgrass from North Prudence Island, Great South Bay, Nannies Island, 
Southway, Ninigret Pond and Shelter Island (Table 2.6, Figure 2.4). Ram Island had the 
lowest survival in all treatment combinations (Tukeyp  < 0.05; Figure 2.4). Within the 
HOM treatrnents, eelgrass from North Prudence Island had survival higher than eelgrass 
from Shelter Island, Duck Island, West Falmouth, West Island and Ram Island (Tukey p  
< 0.05), although not significantly higher survival than eelgrass from Great South Bay, 
Nannies Island, Ninigret Pond or Southway.
Shoot production and final density
Shoot productivity from week 1 through 5 (during the organic matter treatment 
only) was lower in HOM ip  < 0.0001, Table 2.6, Figure 2.5 a.). A significant effect of 
population was detected after one week ip < 0.0001), and the effect o f OM and the 
interaction between OM and population was detected after three weeks ip < 0.0001; 
Table 2.6). Mean shoot production, measured weekly, during the first 5 weeks, ranged 
from -0.11 (± 0.02) shoots per day per subplot in HOM to 0.18 (± 0.04) shoots per day 
per subplot in LOM. Negative production rates indicate that shoot mortality was higher 
than shoot production in HOM sediment. Shoot production among populations did not 
always vary similarly within OM treatments (OM x population p  < 0.0001; Table 2.6). 
Nannies Island eelgrass had the highest mean shoot production in LOM from weeks 1 
through 5 followed by North Prudence Island and Great South Bay (Figure 2.5). Great 
South Bay eelgrass had significantly higher shoot production than eelgrass from West 
Island, Ninigret Pond, Ram Island and Duck Island (Tukey p  <  0.05; Figure 2.5). In the
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HOM treatments, Nannies Island was the only population with positive shoot production, 
although it was not significantly greater than values of Great South Bay, North Prudence 
Island, Ninigret Pond or Southway.
From week 5 through 9 (during the light reduction), shoot production per subplot 
remained lower in HOM (p < 0.0001; Table 2.6). Shoot production was 22% lower in 
reduced light than full light (p = 0.0132; Table 2.6). There were no significant higher- 
level interactions with reduced light. Shoot production during these weeks varied among 
populations (p < 0.0001) and the response to OM varied among the populations (p < 
0.0001; Table 2.6). Great South Bay eelgrass surpassed all other populations, producing 
1.6 (± 0.1) shoots per day per subplot in LOM. Great South Bay eelgrass had high shoot 
production in HOM too, relative to the other populations although not significantly 
higher than either Nannies Island or North Prudence Island eelgrass (Figure 2.5;
Appendix B). Eelgrass from Ram Island had lower shoot production in both LOM and 
HOM than most of the other populations (Figure 2.5).
Final shoot density (number of shoots per subplot) varied among populations (p < 
0.0001; Table 2.6) and was lower in HOM (p < 0.0001) and reduced light (p  = 0.0011), 
with patterns similar to shoot production. In HOM, Nannies Island, Prudence Island and 
Great South Bay eelgrass had the highest shoot density (Tukey p  < 0.05; Figure 2.6). 
Flowering shoots were only produced by Nannies Island eelgrass. Significantly more 
flowering shoots were produced in LOM than HOM (5.8 ± 0.9 vs. 1.8 ± 0.7; p  = 0.0090). 
Light did not significantly affect flowering shoot density.
Eelgrass morphology
40
The number of shoots per ramet varied among environmental treatment 
combinations and populations (Table 2.6). Ram Island eelgrass was excluded from the 
morphology analysis due to complete mortality in some o f the HOM treatment plots. The 
number of shoots per ramet was lower in reduced light (p = 0.0037) and varied among 
populations (p < 0.0001). Sediment OM did not have a significant effect on number of 
shoots per ramet (Table 2.6). Reflecting the productivity results, eelgrass from Great 
South Bay, Nannies Island and North Prudence Island produced more shoots per ramet 
than of the other populations (Tukey p  < 0.05; Figure 2.7).
Terminal and lateral shoots and sheaths were shorter in HOM (p < 0.0001). 
However, terminal shoots were longer in reduced light (Table 2.6). The effect o f OM and 
light were additive (OM x light: p  = 0.0469). Terminal and lateral shoot height and 
sheath length also varied among populations {p < 0.0001). The effect o f reduced light on 
lateral shoot height varied among the populations (p = 0.0378; Table 2.6) but no other 
significant higher-level interactions were detected (Table 2.6). Terminal and lateral 
leaves were wider in LOM and full light, and varied among populations (Table 2.6); no 
higher-level interactive effects were found to influence leaf width. Terminal shoot leaf 
area (cm2 shoot'1) was greater in LOM (p < 0.0001) and varied among populations (p < 
0.0001), with no significant higher-level interactive effects (Table 2.6). Light did not 
affect leaf area per shoot, though lateral shoot leaf area was also higher in LOM {p = 
0.0008) and varied among populations (p = 0.0001; Table 2.6). Duck Island eelgrass had 
the greatest terminal shoot leaf area, though not significantly greater than North Prudence 
Island, Ninigret Pond, Ram Island, or Nannies Island terminal shoots (Tukey p  < 0.05; 
Table 2.6). Great South Bay terminal shoots had the smallest leaf area, but they were not
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significantly smaller than eelgrass from Southway, Shelter Island, West Island or West 
Falmouth Harbor.
Terminal shoot leaf mass (mg per cm2) varied among populations ip < 0.0001) 
and populations did not always vary similarly within OM treatments (OM * population: p  
= 0.011). Lateral shoot leaf mass greater in reduced light ip = 0.0293) and varied among 
populations ip < 0.0001; Table 2.6). Terminal shoots from Nannies Island and Great 
South Bay had significantly lower leaf mass than any other population (Table 2.6).
Lateral shoots from Shelter Island, West Island and Southway had significantly greater 
leaf mass than eelgrass from Nannies Island and Great South Bay (Tukey p  < 0.05).
Below-ground morphology varied among the environmental treatment 
combinations and populations (Table 2.6). Rhizome elongation and intemode length 
responded similarly, and were lower in HOM and reduced light (Table 2.6). Nannies 
Island eelgrass had the highest elongation rate in both LOM and HOM (Tukey p  < 0.05) 
(Figure 2.8). North Prudence Island and Great South Bay plants both had high elongation 
compared to the other populations (Figure 2.8). More rhizome nodes were produced in 
LOM than HOM ip  = 0.0009) and in full light than reduced light ip = 0.0004; Table 2.6). 
The number o f rhizome nodes produced also varied among populations ip < 0.0001), 
with Nannies Island eelgrass producing the most nodes (Tukey p < 0.05).
Ramet weight
Total weight produced per ramet (g ramet'1) was lower in HOM ip  < 0.0001) and 
reduced light (p = 0.0020), and varied among populations (p < 0.0001; Table 2.6). There 
were no significant higher-level interactions. The ratio o f above- to below-ground weight
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was higher in HOM (p -  0.0008) meaning eelgrass produced relatively more above­
ground material than below-ground in these conditions. This ratio, however, was not 
affected by reduced light (Table 2.6). The ratio of above- to below-ground biomass 
varied among populations (p = 0.0459; Table 2.6); significant differences among 
populations were not though detected with Tukey’s test. All eelgrass populations 
produced more leaf and root/rhizome material in LOM (p < 0.0001) and 100% light (p = 
0.0029; Table 2.6). Plants from North Prudence Island and Nannies Island produced more 
mass per ramet than eelgrass from all other populations except Ninigret Pond (Tukey p  < 
0.05; Figure 2.9).
L eaf absorbance and ETR
The fraction o f incident PAR absorbed by leaves (AF) varied among populations 
(Table 2.6). AF ranged from 0.70 (Nannies Island) to 0.81 (West Falmouth Harbor). No 
significant environmental treatment effects were detected on AF or electron transport 
rates (ETR) nor did population affect ETR (Table 2.6).
Resilience score
Resilience scores were significantly lower in HOM and in reduced light (Table 
2.6). A significant interaction between OM and light was not detected. Resilience varied 
significantly among the eelgrass populations (Table 2.6). No interaction was detected 
between population and either OM or light (Table 2.6). Eelgrass plants from Nannies 
Island, North Prudence Island, and Great South Bay had the high resilience in all the 
environmental treatment combinations (Figure 2.10). Southway and Ninigret Pond
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eelgrass had moderately high resilience than (Tukey p  < 0.05; Figure 2.10). Eelgrass from 
West Falmouth, Duck Island, West Island, and Shelter Island had relatively low 
resilience (Figure 2.10). Resilience scores were not calculated for Ram Island because o f 
its complete mortality in some of the mesocosms.
The relationships between source population characteristics and eelgrass response 
measurements
Eelgrass response parameters were significantly related to a number o f source 
population characteristics (Table 2.7; Appendix C). Though statistically significant, most 
relationships were weak, therefore only those variables accounting for at least 40% (r2 > 
0.40) o f the variation in response addressed herein. All statistically significant regression 
models are presented in Appendix C. In the LOM x 100% light treatment, initial leaf 
width was positively correlated with rhizome elongation rate, weight produced per ramet, 
and initial shoot production rate (SPR) (week 1 through 5) (Table 2.7). The relationship 
between initial leaf width and rhizome elongation was strong for all environmental 
treatment combinations (Table 2.7). Initial leaf width also showed strong positive 
correlations in HOM x 100% light with final shoot density, shoot production (week 5 
through 9), and resilience (Figure 2.11). In LOM x 58% light, initial leaf width was also 
strongly related to resilience (Table 2.7; Figure 2.11). In LOM, source site percent fine­
grained sediment was positively correlated with rhizome elongation and resilience (Table 
2.7; Figure 2.11). Duck Island eelgrass was not included in this test because the percent 
fine-grained sediment at Duck Island was more than four times higher than any other 
population (Table 2.1). When Duck Island was included in the least square regression
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analysis, it was clearly identified as an anomaly and skewed the relationship (Figure 
2.12). In LOM x 58% light, source population percent fine-grained sediment was 
positively correlated with shoot density (Table 2.7).
Strong positive correlations were observed between genetic diversity and a 
number o f response variables (Table 2.7). In LOM x 100% light, observed heterozygosity 
(H0) at GA 17D was correlated with ramet survival. In HOM x 100% light, H0 and 
inbreeding (F,s) at GA 23 were strongly positively and negatively (respectively) 
correlated with ramet survival and shoot production (week 5 through 9) (Table 2.7). F jS at 
the source populations was strongly correlated with shoot production (week 1 through 5) 
in LOM x 100% light. In LOM x 100% light, F jS at GA 23 was correlated with final 
shoot density. Allelic richness (A) estimates at GA 12 was also correlated with shoot 
production and density in LOM x 100% light (note that F jS at GA 12 could not be 
calculated for West Island). In LOM x 58% light the relationship between A at GA12 and 
final shoot density was slightly higher than in LOM x 100% light. The strength o f the 
correlations between A at GA 12 and shoot production (week 5 through 9) were 
consistent across the environmental treatment combinations. In LOM x 58% light, A at 
GA 12 exhibited a relatively strong correlation with rhizome elongation, number of 
shoots per ramet, and resilience (Table 2.7).
DISCUSSION
Survival and productivity of eelgrass from ten populations
A common garden mesocosm experiment tested whether eelgrass ramets from 
genetically differentiated populations located throughout southern New England and New
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York varied in their ability to become established in a new environment. Specifically, 
their ability to persist and grow following transplant stress with and without stresses from 
sediment organic matter content and reduced light was tested. Eelgrass from the different 
source populations exhibited differences in survival and biomass production after being 
transplanted into the mesocosms. They also showed different resilience to stresses 
associated with transplanting into a new environment (Table 2.6). The populations 
responded differently to the stresses of HOM and reduced light, indicating that eelgrass 
plants from some of the tested populations were more capable o f survival and growth in 
eutrophied systems than others, at least over the short term. In addition HOM content in 
the sediment was found to impair growth more than reduced light conditions.
Furthermore, additive effects between reduced light and sediment OM on the sheath 
length and shoot height o f terminal shoots were found.
Eelgrass from Nannies Island, North Prudence Island and Great South Bay 
consistently outperformed eelgrass from more than half o f the other populations in both 
low stress (LOM and 100% light) and high stress (HOM and 58% light) treatments. Since 
the eelgrass plants had similar conditions at the start of the experiment, the variation in 
performance suggests that eelgrass plants from these three populations were more 
resilient to transplant stress.
Eelgrass from Ninigret Pond and Southway performed well in a number o f the 
response measurements. For instance, eelgrass from these populations had relatively high 
survival and production. West Falmouth, West Island, Duck Island and Shelter Island 
eelgrass plants performed poorly compared to the top three populations. Eelgrass from
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Ram Island had the poorest survival and surviving ramets produced very few, if  any, 
lateral shoots.
It is well known that environmental conditions affect seagrass growth and 
morphology (nutrient enrichment -  Burkholder et al, 1992, 1994; van Katwijk et al.,
1997; sediment conditions -  Terrados et al., 1999; light -  Dennison and Alberte, 1986; 
Olesen and Sand-Jensen, 1993; Ochieng et al. 2010). The results of the present study 
reaffirm that high sediment organic matter content and reduced light impair eelgrass 
growth. Eelgrass plants from some populations were more resilient to the stresses o f high 
organic matter than others (Figure 2.10). For instance, North Prudence Island eelgrass 
had rhizome and shoot production rates higher than most other populations, and, 
remarkably, neither parameter was significantly impaired by HOM for plants from this 
population. These findings indicate that North Prudence Island plants were not only more 
resilient to the stresses of HOM sediment than the other populations, but were 
measurably unaffected by 8% OM treatment level.
Eelgrass plants from particular populations were more affected by HOM. Shoot 
production of West Island eelgrass, for example, was 158% lower in HOM than LOM (- 
0.18 vs. 0.31 shoots per day per subplot). Also, the greatest differences in rhizome 
elongation rates between HOM and LOM were observed in Shelter Island and Ninigret 
Pond eelgrass, indicating that eelgrass from these populations were more vulnerable to 
the stresses associated with high organic matter sediments. These results imply that some 
populations may be more vulnerable to the stresses o f increased organic load associated 
with eutrophication.
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The relationship between eelgrass responses and source population characteristics
Clearly, the eelgrass from the populations used in this study responded differently 
to the stresses associated with transplanting and eutrophication, though the reasons for 
these differences are not obvious. The relationships between a number o f source site 
environmental conditions, initial eelgrass morphological characteristics and the eelgrass 
responses were explored in an effort to determine which factors may have contributed to 
the variation in response among the populations. Attributing the observed variation in 
response to latitudinal differences among the source populations can be discounted, at 
least on the short-term time frame of this study, as eelgrass from both northerly and 
southerly populations had high resilience scores. The salinity was lower in the 
mesocosms than at the source locations. Aside from Nannies Island eelgrass, eelgrass 
plants from all of the populations were exposed to water temperature and salinity 
conditions different from their native environment. Therefore temperature and salinity 
differences among the source site populations may partially be discounted.
It is plausible that differences in water column nutrient concentration between the 
source sites and mesocosm water could have contributed to differences in performance 
among the populations. In a survey conducted in 2010, it was found that Ram Island 
plants had the highest C:N ratio o f eelgrass leaf material among all populations, 
indicating that it was the least eutrophied sample site (Short et al. 2012; Table 2.1). The 
poor survival and growth of Ram Island plants in the present study may imply that plants 
from this population were acclimated for growth in a low-nitrogen water column o f Ram 
Island and could not transition to the nitrogen-enriched waters of the Great Bay Estuary 
that were supplied to the mesocosms. On the other end of the spectrum, leaf tissue C:N
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was lowest at North Prudence Island, indicating that it was the most eutrophic site. 
Interestingly, eelgrass from this population performed very well. Although intriguing, 
source site leaf tissue C:N was only significantly related to one eelgrass response 
variable, ramet survival in HOM x 58% light, and the correlation was weak (Appendix 
C).
Water conditions may have contributed to the relatively high resilience o f the 
Nannies Island eelgrass. Nannies Island plants may have had an advantage over the other 
populations, as they were pre-adapted to the water supplied to the mesocosms. Even 
though the mesocosms had completely foreign sediment, the survival and growth strategy 
o f eelgrass from Nannies Island probably already favored nitrogen-enriched water 
column conditions.
Eelgrass may require more time than was allowed in the present experiment to 
adjust its morphology to new growing conditions. In a reciprocal transplant experiment 
conducted in the German Baltic Coast, Hammerli and Reusch (2001) found evidence for 
local adaptation as eelgrass genets (ramets with unique genotypes) planted in their source 
site produced significantly more biomass than when transplanted into a different site. 
Similarly, Dennison and Alberte (1986) performed a reciprocal transplant experiment in 
Waquoit Bay, MA, and found that eelgrass plants performed significantly better when 
planted in their source site than when transplanted into a different site, even when the 
environmental conditions were similar. Thus, considerable evidence for a “home site 
advantage” in eelgrass exists (Hammerli and Reusch, 2002). The findings o f  this 
mesocosm experiment are somewhat consistent with the home site advantage concept, 
although other populations of eelgrass, besides Nannies Island also performed well.
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Therefore, it is unclear whether the superior performance o f eelgrass from Nannies Island 
was solely the effect o f local eelgrass exposed to local water quality conditions or if 
specific characteristics of the Nannies Island eelgrass population, such as sediment 
condition, eelgrass morphology or genetic diversity played a role.
Source site sediment characteristics may have also played a role in the variation in 
response among the eelgrass populations. Eelgrass originating from relatively finer- 
grained sediments tended to have higher elongation rates in every environmental 
treatment combination (Table 2.7). Ramet survival also tended to be higher in HOM for 
eelgrass originating from populations growing in relatively finer-grained sediments 
(Figure 2.11; Table 2.7). Eelgrass originating from sites with fine-grained sediments may 
be better adapted to supplying oxygen to the roots and rhizomes than eelgrass from 
coarser-grained sediments. Even though there were no significant differences detected in 
photosynthetic rates among populations (ETR; Table 2) the ability o f eelgrass to transport 
photosynthetically derived oxygen to below-ground structures may vary among 
populations and therefore affects the rhizome elongation and survival rates among 
populations. On the other hand, the percent fine-grained sediment at Duck Island was 
more than four times higher than any other population, and the eelgrass from Duck Island 
performed relatively poorly. Eelgrass from sediments with extremely high percentage o f 
fine-grains may already be physiologically stressed (i.e. anoxic and high in sulfides) in its 
source site and therefore less able to survive the stress o f being transplanted or added 
stress of reduced light and high sediment organic content. Other source population site 
characteristics, including environmental variables not accounted for in this study (i.e.
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tidal range, wave energy, light availability, etc.), could have influenced the variation in 
response among the different populations.
Initial above-ground morphological characteristics varied among the donor 
populations and some were significantly related to a number o f  the eelgrass response 
variables. For example, Ram Island plants had the largest shoots, the longest leaves and 
sheath lengths (Table 2.1), and had the lowest survival and production rate. The poor 
survival and shoot production o f Ram Island eelgrass is consistent with the observation o f 
van Katwijk et al. (1997) who found that eelgrass transplants o f  relatively large size 
transplanted into mesocosms had poor survival and shoot production compared to smaller 
sized transplants. Large plants may not be able to change their morphology or phenotype 
fast enough to survive in a new environment. The effect o f trimming the leaves o f Ram 
Island eelgrass, to minimize the difference in initial biomass for the mesocosms 
experiments, may have been greater than the effect on any of the other populations due to 
the large shoot size and sheath length o f the Ram Island plants. Trimming the leaves to 
30 cm allowed only a few centimeters o f leaves above the sheath for these plants, and 
therefore less leaf area available to capture sunlight. Although shoot size likely affected 
the performance of Ram Island eelgrass, and was possibly worsened by trimming leaves, 
it cannot explain the variation in responses o f eelgrass plants from the other populations.
Other initial eelgrass morphology measurements were related to a number of 
eelgrass response measures. Above- and below-ground mass and leaf width were 
significantly related to shoot production and final shoot density in most environmental 
treatment combinations. The relationships between rhizome elongation and initial leaf 
width, and between weight produced per ramet and initial leaf width, were relatively
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strong, suggesting that eelgrass plants with wider leaves are able to produce more shoots 
and have greater areal expansion rates. Although the relationships between initial leaf 
width and the response variables were strong relative to the strength o f the other initial 
morphology measurements and source population sediment conditions, initial leaf width 
only explained about half the variation among populations. Therefore it is probable that 
other factors, or a combination of factors, are responsible for the variation in performance 
among the populations.
In addition to finding relationships between performance in the experiments and 
environmental conditions at the field sampling locations, this study showed that eelgrass 
performance in the experiments was positively correlated with genetic diversity (Table 
2.7; Figure 2.11; Appendix C). The resilience scores correlated significantly and 
positively with source population genetic diversity, as described by allelic richness (A), 
observed heterozygosity (H0) and negatively with the fixation index (FIS) (Figure 2.11). 
Significant relationships between these three genetic diversity measures (mean across all 
measured loci) and resilience were strongest in LOM x 58% light; however, relationships 
were weaker or disappeared in the HOM treatments. This suggests that the stresses o f the 
HOM treatments were beyond which genetic diversity could buffer against. The 
correlations observed between resilience and genetic diversity imply that there is a 
genetic component influencing resilience to environmental stress in eelgrass.
Many studies have investigated whether correlations exist between genetic 
diversity o f neutral loci and fitness traits in a number of species, though no consensus has 
been reached; some studies show correlations while others do not (Beebee and Rowe, 
2008). Although diversity of neutral loci is presumed to be neutral to selection, they are
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thought to reflect average diversity of the entire genome, which of course includes loci 
responsible for fitness traits. When significant correlations are detected, most only 
explain 10-15 percent of the variance when the heterozygosity of individuals is regressed 
against a fitness trait (Beebee and Rowe, 2008). In the present study, significant 
correlations between the genetic diversity of the source population accounted for 15-57 
percent of the variance in eelgrass response variables associated with stress resilience 
(Table 2.7; Appendix C).
Other studies have found correlations between seagrass genetic diversity and 
physiological performance. In a common garden experiment, Procaccini and Piazzi 
(2001) found that Posidonia oceanica genets with greater genetic diversity (H0) 
performed better at a restoration site than genets with lower H0, implying that genetic 
diversity is positively related to performance. Williams (2001) found similar results for 
eelgrass in both laboratory and field experiments. The findings of the present study are 
consistent with Procaccini and Piazzi (2001) and with Williams (2001), which used 
genetic data from actual plants used in their experiments to test for associations between 
performance and genetic diversity. Although here, the source population genetic diversity 
was used, not the genetic diversity o f actual experimental plants, and still significant 
fitness and genetic associations were detected.
CONCLUSIONS
The results of this study reaffirm that high organic sediments and reduced light 
inhibit eelgrass survival and productivity, and support the theory that resilience in 
eelgrass is related to genetic diversity in plant populations. Under the conditions applied,
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eelgrass plants from these genetically differentiated populations varied in their ability to 
survive and grow in a new environment, and in their response to the stresses associated 
with low light and increased sediment organic matter. At the treatment levels applied, 
sediment organic matter content had more o f an effect on production than reduced light 
for most of the response variables. At present, this study is the first in the northeast USA 
to investigate whether resilience to environmental stress varies among eelgrass 
populations. Some populations consistently outperformed others under ideal 
environmental conditions o f  low sediment organic matter content and full light, as well as 
under stressful conditions o f high organic matter and reduced light. With the exception o f 
Ram Island, eelgrass with relatively wide leaves, originating from populations with 
relatively high genetic diversity and finer-grained sediment tended to show greater 
resilience to stresses associated with transplanting and eutrophication.
These relationships observed between eelgrass source population characteristics 
and response to the mesocosm treatments is a finding that is especially important to 
seagrass restoration efforts. Eelgrass restoration attempts are not always successful 
(Fonseca et al., 1998). Failure is often attributed to poor restoration site selection; 
however, the findings of the present study show that restoration success may not only 
depend on restoration site selection but also on donor population selection. Donor 
population selection is just beginning to be considered in the eastern North Atlantic (van 
Katwijk, 2009) but not often considered in the western North Atlantic. These findings 
suggest that the environmental conditions o f a donor site, the morphology o f the 
transplants themselves, and the genetic diversity o f  the population influences short-term 
survival and growth in a new and potentially physiologically stressful environment.
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Because of the relatively short duration o f the study, the conclusions relate only to short­
term physiological responses. Nevertheless, the study sets the stage for further field 
investigations involving longer-term studies with objectives to evaluate the role o f donor 
population characteristics, including genetic diversity, shoot morphology and 
environmental condition, on long-term restoration success:
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Table 2.1. Source site geographic locations, environmental conditions and initial eelgrass morphology of the populations that 
were used in the experiment. Environmental data, including salinity, sediment and leaf tissue C/N were collected one year 
prior to the experiment (Short et al., 2012). Mean plus or minus standard error. Salinity data were not available for all 
populations.
Source Site Sediment Initial Eelgrass Morphology
Population Latitude Longitude Salinity
LcafTissue
















New H am pshire











32 ± 0  
32.5 ±0 .4
24.6 ±0.5  
32.9 ± 1 .7  
26.1 ±1.1
0.3 ±0.1 
0.9 ±0 .4  




1.3 ±  0.1 
4.6 ± 1 .2  
0.5 ±0.1
0.4 ±0 .0  
1.9 ±0 .3  
0.4 ±0.1
8.1 ±0.5  
12.0 ±0 .8  
11.0 ± 0.8
4.4 ±0.1 
4.1 ±0.2  
3.7 ±0.2
3.9 ± 0 .2
4.0 ± 0 .0

















- 13.9 ± 0 .2  
18.8 ±0.5
4.7 ±1 .7  
0
90.5 ±2 .4  
89.9 ± 1.4
4.9 ± 1.7 
10.1 ± 1 .4
LI ±0.2  
0.9 ±0.1



















32 ± 0  
30 ± 0




56.8 ±  2
50.9 ±5.8
25 ± 3 .6  
49.1 ±5 .8
2.2 ± 0.3 
2.8 ±0.1
26.2 ± 1.7 
14.1 ± 1.6
5.1 ±0.2  
4.4 ±0 .2
3.8 ±0 .4  














30 ± 0  
32.3 ±0.1
16.6 ±0.5  
27.4 ± 0 .6




2.2 ± 0 .7  
7.7 ±0 .4
0.5 ±0.1 
0.9 ± 0 .0
6.7 ± 0 .4
5.7 ± 0 .4
4.7 ±0.3  
4 ±0 .2








Table 2.2. Genetic and genotypic diversity o f the ten eelgrass source populations where 
plants were collected for the mesocosm experiment. Genotype data were acquired from 
Short et al. (2012) and used here to calculate genetic diversity parameters.
New
State Hampshire Massachusetts
Nannies Is. Southway WestFalmouth
West Is.
Site
N 22 30 30 22
No. genets determined 22 30 29 21
Genotypic diversity 1.00 1.00 0.97 0.95
Mean Allelic richness 4.61 3.95 3.53 3.20
Allelic richness per locus
GA 12 3.77 2.35 2.48 1.00
GA 20 5.63 3.80 4.13 3.75
GA 17D 3.75 3.95 4.38 3.74
GA 19 2.50 2.00 138 1.00
GA 16 4.64 2.96 2.38 2.95
GA2 5.75 5.35 4.59 6.93
GA23 6.27 7.25 5.34 2.99
Mean H0 0.55 0.36 0.32 0.27
Mean UHE 0.59 0.45 0.47 0.37
H0 per locus
GA 12 0.23 0.17 0.00 0.00
GA 20 0.68 0.27 0.55 0.43
GA17D 0.36 0.40 0.45 0.38
GA 19 0.50 0.40 0.03 0.00
GA 16 0.59 0.33 0.55 0.24
GA2 0.77 0.43 0.45 0.48
GA 23 0.68 0.53 0.21 0.33
Mean F0 0.08 0.20 0.32 0.29
Fb per locus
GA 12 0.23 0.37 1.00 NA
GA 20 0.00 0.19 -0.23 0.14
GA17D 0.45 0.00 0.26 0.19
GA 19 -0.02 0.16 0.00 NA
GA 16 -0.15 0.03 -0.15 -0.07
GA2 -0.07 0.17 0.41 0.40
GA 23 0.12 0.35 0.73 0.47
N =  number of ramets sampled
H0 = observed heterozygosity
UHe = unbiased heterozygosity
Fjs = fixation index, measure o f inbreeding




Pond Ram Is. Duck Is. Shelter Is.
Great: 
Bay
36 34 23 11 17 16
29 34 23 1! 17 16
0.81 1.00 1.00 1.00 1.00 1.00
3.02 - 3.80 3.29 437 4.01
1.86 . 2.46 2.00 2.65 3.69
3.21 - 4.66 4.00 4.87 3.97
2.00 - 1.87 1.00 3.64 4.55
1.62 - 1.87 2.00 2.88 2.00
3.00 - 1.94 2.00 7.06 6.28
3.99 - 7.54 6.00 4.53 3.90
5.50 - 6.28 6.00 4.96 3.66
0.32 0.35 0.35 0.34 0.54 0.48
0,42 0.63 0.42 0.44 0.68 0.61
0.14 0.15 0.30 0.46 0.12 0.56
0.38 0.47 0.57 0.27 0.53 0.38
0.34 0.38 0.04 0.00 0.47 038
0.07 0.26 0.13 0.36 0.65 0.75
0.59 0.50 0.17 0.18 0.82 0.56
0.28 - 0.65 0.73 0.53 0.19
0.45 - 0.61 0.36 0.65 0.56
0.23 0.44 0.15 0.23 0.21 0.21
-0.06 0.75 -0.13 -0.25 0.78 0.14
-0.15 0.39 0.11 0.59 0.32 0.39
-0.19 0.29 0.66 NA 0.24 0.22
-0.02 0.48 -0.05 -0.18 -0.14 -0.48
0.09 0.33 -0.07 -0.05 0.02 0.31
0.59 - 0.22 0.03 0.14 0.69
0.42 - 0.2 J 0.54 0.19 0.06
57
Table 2.3. Eelgrass population genetic pairwise Fst matrix across seven loci (Short et. al, 
2012). Site abbreviations are in parentheses in rows and correspond with column headers. 
Significant values are bold. Significance determined a tp <  0.05 after Bonferroni 
correction.
NI SW WF WI NPI RI DI SI GSB
Nannies Is., NH (NI) -
Southway, MA (SW) 0.10 - •
West Falmouth, MA (WF) 0.14 0.11 -
West Island, MA(WI) 0.16 0.12 0.07 -
N. Prudence Is., RI (NPI) 0.17 0.14 0.06 0.10 -
Ram Is., CT (RI) 0.16 0.13 0.08 0.08 0.07 -
Duck Is., CT (DI) 0.13 0.14 0.12 0.07 0.11 0.04 -
Shelter Is., NY (SI) 0.12 0.25 0.20 0.27 0.24 0.23 0.22
Great South Bay, NY (GSB) 0.11 0.20 0.21 0.24 0.18 0.20 0.16 0.06
Table 2.4. Mesocosm environmental data. Temperature collected by HOBO temperature 
loggers at 30 minute sampling intervals. Sediment data were collected before planting the 
mesocosms. Three samples were taken in each mesocosm (n = 9). Means plus or minus 
standard error.
June July August
Temperature (°C) 21.5 ±0.24 23.9 ±0.09 22.9 ± 0.09
Min 14 20.3 18
Max 27.5 30.1 27
Salinity (ppt) 27.4 ±0.14 ’
PAR Sediment
(pmol s '1 m'2) % Gravel Sand Fine Organic
LOM x 100% Light 1044 ± 64 4.6 ±0.7 91.9 ± 0 .8 3.5 ± 0.4 1.0 ±0.00
LOM x 58% Light 596 ± 34 4.4 ± 0.6 92.7 ± 0.9 2.9 ± 0.3 1.0 ±0.00
HOM x 100% Light 1100 ± 9 3.6 ± 0.6 64.4 ± 1.7 32.0 ± 2 .0 8.1 ± 0 .4
HOM x 58% Light 655 ± 19 2.3 ± 0.5 67.2 ± 1.9 30.5 ± 1.5 8.4 ±0.5
Table 2.5. Dissolved oxygen, nitrogen, and phosphorus concentrations o f mesocosm 
water collected on 26 August 2011. Samples were collected at 8 am, after water flow was 
slowed overnight and again at 4 pm, after flow was increased though the day. Means plus 
or minus standard error (n-3).________________
Dissolved Nutrients
Factorial Treatment Time o f  day DO mg/L PCL(pM) NH4 (pM) N O ^N O , (pM) DIN (pM) N:P
LOM x 100% Light am 7.8 ± 0.40 0.25 ± 0.01 0.8 ± 0 bill 0.8 ±0 3 ±  0
pm 9.3 ± 0.35 0.72 ±0.05 1.17 ±0.12 0.9 ±  0.15 2.07 ±0.26 3 ± 0.58
LOM x 58% Light am 7.0 ±0.52 0.33 ±0.01 0.83 ± 0 .09 bdl 0.83 ±0.09 2.33 ±  0.33
pm 9.1 ± 0 .26 0.7 ± 0.05 1.7 ± 0 1.27 ±0.23 2.97 ±0.29 4 ±  0
HOM x 100% Light am 6.3 ±0.57 0.52 ±  0.06 5.27 ± 0.88 bdl 5.27 ±0.88 10.33 ±  2.6
pm 9.1 ±0.24 0.72 ±  0.05 3.73 ± 0.15 1.63 ± 0.12 5.3 ±0.06 7.33 ±  0.67
HOM x 58% Light am 6.4 ±0.25 0.62 ± 0.04 21.23 ± 2.45 0.15 ±0.05 21.33 ±2.43 35 ± 5 .29
pm 8.2 ±0.19 0.72 ± 0.01 7.8 ± 1.06 2.1 ±0.1 9.9 ±0.96 13.67 ±  1.45
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Table 2.6. Summary of the effects of the factorial treatments on the various response measures. T = terminal shoot. L = lateral 
shoot. Significant effects are in bold. Significance determined at the 95% probability level (p < 0.05).
Dependent variables Factors
OM Light Pop OM v Light OM x Pop Light x Pop OM x Light x Pop
Survival (% ramets subplot'1) <0.0001 0.0376 < 0.0001 0.089 0.0017 0.021 0.204
Shoot production (No. o f shoot produce day'1 subplot'1) Week 2 0.0492 NA <0.0001 NA 0.1909 NA NA
Week 3 <0.0001 NA <0.0001 NA < 0.0001 NA NA
Week 4 <0.0001 NA <0.0001 NA < 0.0001 NA NA
WeekS < 0.0001 NA <0.0001 NA < 0.0001 NA NA
Week 6 <0.0001 0.1901 <0.0001 0.7819 < 0.0001 0.0682 0.5266
Week 7 <0.0001 0.0821 <0.0001 0.7014 < 0.0001 0.1957 0.2751
Week 8 <0.0001 0.0918 < 0.0001 0.5308 <0.0001 0.1096 0.4862
Week 9 <0.0001 0.0082 <0.0001 0.5011 <0.0001 0.1565 0.1377
Week 1-5 <0.0001 NA < 0.0001 NA < 0.0001 NA NA
Week 5-9 <0.0001 0.0132 <0.0001 1 < 0.0001 0.789 0.4294
Week 1-9 <0.0001 NA <0.0001 NA < 0.0001 NA NA
Shoot density (No. o f shoot subplot1) Week 13 <0.0001 0.0011 <0.0001 0.9923 < 0.0001 0.0495 0.4078
No. o f shoots ramet'1 0.3823 0.0037 <0.0001 0.3845 0.3739 0.1925 0.4598
Ramet weight (g produced shoo t1) <0.0001 0.002 <0.0001 0.5352 0.401 0.48 0.1372
Above-ground weight (g produced ram et1) <0.0001 0.0029 < 0.0001 0.2271 0.5474 0.3036 0.0904
Below-ground weight (g produced ramet-1) <0.0001 0.0027 <0.0001 0.8369 0.2211 0.8458 0.4597
AG:BG biomass 0.0008 0.134 0.0459 0.2699 0.3801 0.7011 0.8308
Shoot height (cm) T <0.0001 0.0075 < 0.0001 0.0469 0.0717 0.0548 0.3404
Shoot height (cm) L <0.0001 0.3851 < 0.0001 0.0898 0.0674 0.0378 0.1384
Sheath length (cm) T <0.0001 0.0007 <0.0001 0.0029 0.0584 0.423 0.3936
Sheath length (cm) L 0.0004 0.S2I9 <0.0001 0.1133 0.1021 0.426 0.042
No. o f leaves shoot'1 T 0.5336 0.0173 0.0624 0.5661 0.8867 0.5165 0.6309
No. o f leaves shoot'1 L 0.2235 0.004 0.0905 0.7605 0.6626 0.8788 0.4777
Leaf width (mm) T 0.0007 0.0026 < 0.0001 0.2447 0.9993 0.6699 0.7635
Leaf width (mm) L 0.0101 0.0042 <0.0001 0.5885 0.9906 0.0868 0.6201
Leaf area (cm2 shoot'1) T <0.0001 0.8658 <0.0001 0.0871 0.4425 0.9862 0.8135
Leaf area (cm2 shoot'1) L 0.0008 0.0459 0.0001 0.601 0.3 U 0.6437 0.1835
Leaf mass (mg cm"2) T 0.07 0.3178 < o.oooi 0.9055 0.0011 0.1183 0.1677
Leaf mass (mg cm '2) L 0.0878 0.0293 <0.0001 0.2122 0.8301 0.0657 0.21
Rhizome elongation rate (mm day'1) > <0.0001 <0.0001 <0.0001 0.4803 0.0036 0.5006 0.8612
No. rhizome nodes (ramet ') 0.0009 0.0004 <0.0001 0.135 0.5896 0.6641 0.3418
Intcmode length (mm) <0.0001 <0.0001 <0.0001 0.931 0.3836 0.8062 0.9218
AF (% o f incident PPF absorbed by leaf) 0.1912 0.7076 <0.0001 0.3162 0.6351 0.734 0.9588
ETR (gmol electrons m'2 s '1) 0.4114 0.2088 0.2092 0.673 0.497 0.9192 0.6481
Resilience <0.0001 < 0.0001 < 0.0001 0.0517 0.0659 0.1069 0.1443
Table 2.7. Results o f least squared regression analyses o f the relationships of eelgrass response (dependent variables) and 
source site environmental conditions, initial eelgrass ramet morphology, and source site genetic diversity (independent 
variables). Only significant correlations were included in the table. R2, slope (m) and y intercept (b), and p values are included. 




variables (y) Low OM x 100% Light Low OM x 58% Light High OM x 100% Light High OM x 58% Light
Source site environmental conditions ? m b P ...........7 " m b P ✓ m b P ,} m b V
%  line grain sediment Shoot density 0 3 6 6 14 54.01 0.0018 0.4 6.13 33.63 0.0009 0 32 5 16 22.67 0.0038 0.3 3.64 10.8? 0.0059
%  line grain sediment Rhizome clong. 0.54 0 J 4 1.46 <0.000! 0.55 0.27 1.22 <0.0001 0.29 0.18 1.27 0.0064 0.34 0.13 0.79 0.0029
%  fine grain sediment Resilience 0.41 0.46 U O 0.0008 0.46 0.47 •0.67 0.0003 0.27 0.47 -3.01 0.0098 0.3 0.45 •5.99 0.006
Initial eelgrass ramet morphology
Leaf width SPR weeks 1-5 0.40 ©JO •1.19 <0.0001 NA 0.18 0.11 •0.59 0.0014 NA
Leaf width SPR weeks 5-9 0.41 0.29 -1.06 0.0003 0.26 0.27 -1.08 0.007
Leaf width Shoot density 0.18 28.06 •47 2 1 0.029 0.16 24.82 -51.22 0.0363 0.46 38.98 •131.73 <0.0001 0.16 17.97 •54.11 0.024
Leaf width Ramet weight 0.46 0.45 •0.93 <0.0001 0.62 0.47 • U 4 <0.0001 0.52 0.5 1.7 <0.0001 0.21 0.2 •0.62 0.0172
Leaf width Rhizome clong. 0.5! 2.02 -6.07 <0.0001 0.57 1.68 -5.09 <0.0001 0.64 1.67 -5.47 <0.0001 0.43 0.92 -2.74 <0.0001
Leaf width Resilience 0.37 3.07 -10.8 0.0007 0.42 2.78 -11.09 0.0002 0.49 4.1 -19.7 <0.0001 0.33 2.91 •17.16 0.0017
Source population genetic diversity
<4GA12 SPR weeks 5-9 0.48 0.37 •0.10 04)002 0.55 0 J 5 •0.16 <0.0001 0.45 0.23 -0.29 0.0003 0.39 0.25 •0.45 0.0012
-4G AI2 Shoot (tensity 0.52 35.81 •5.85 <0.0001 0.57 34.27 •20.3 <0.0001 0.32 23.97 -11.84 0.0043 0.3 17.01 -13.83 0.0053
A GAI2 No. o r  shoots ram> 0.37 2.37 0.99 O.OOIS 0.57 2.52 •0.93 <0.0001 0.3 2.38 0.73 0.006 0.39 2.01 ■0.54 0.0012
A GA12 Rhizome clong. 0.37 1.28 *0.02 0.0017 0.44 1.1 -0.13 0.0004 0.17 0.64 0.63 0.0449 0.18 0.44 0.4 0.041
.4GA12 Resilience 0.35 2.21 -2.39 0.0022 0.54 2.32 -1.01 <0.0001 0.31 2.41 -6.83 0.005 0.24 1.84 -8.42 0.0156
A  GA2 SPR weeks 5-9 0.4 -029 2.28 0.001 0.31 •0.23 1.85 0.0049 0.23 -O.I4 1 0.018 0.32 •0.19 1.14 0.0042
H . GAI7D Ramet survival 0.42 72.10 60.81 0.0003
H„GA23 Romct survival 0.27 50.24 61.28 0.0098 0.45 86.09 12.12 0.0003
H„GA23 SPR weeks 5-9 0.19 1.28 0.20 0.0351 0.42 1.24 -0J1 0.0007 0.29 2 ■0.41 0.0065
h SPR weeks 1-5 0.47 -2.17 0.73 <0.0001 NA 0.14 •0.62 0.06 0.0056 NA
F*GA23 Ramet survival 0.22 -32.61 99.7! 0.0215 0.52 -66.12 76.52 <0.0001
FilGA23 SPR weeks 5-9 0.38 -1.32 1.28 0.0012 0.31 -1.06 1.07 0.0043 0.45 -0.92 0.61 0.0003 0.39 • 1 0.51 0.0001
FJ.GA23 Shoot density 0.42 •130.09 129.45 0.0006 0.38 -112.84 104.97 0.0013 0.29 •93.12 80.89 0.0064 0.31 -69.92 53.35 0.0044
SPR = shoot production rate
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Figure 2.1. Map o f the locations o f the ten genetically differentiated eelgrass populations 
used in a 13-week mesocosm experiment. The star indicates the location o f Jackson 
Estuarine Laboratory, Durham, NH, where the experiments were carried out.
Figure 2.2. Photo o f outdoor mesocosm set-up (rectangular tanks) summer 2011 at 
Jackson Estuarine Laboratory, Durham, New Hampshire. Neutral density screens cover 
six o f the mesocosms. Each mesocosm was planted with eelgrass from ten genetically 












Note: The subplot 





LOM x 100% Light HOM x 100% Light HOM x 58% light LOM x 100% light
LOM x 58% light LOM x 100% Light HOMx 100% light LOM x 58% Light
HOMx 100% light LOM x 58% light HOM x 58% light HOM xS8% light
Figure 2.3. Schematic of the experimental design. Sediment organic matter and light 
treatment combinations were randomly assigned to each mesocosm. Each eelgrass 
population was randomly assigned to one subplot in its mesocosm. Each subplot was 
planted with 15 eelgrass ramets from one population.
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Figure 2.4. Percent survival of eelgrass ramets from ten genetically differentiated 
populations following a 13-week common garden mesocosm experiment. Each row 
represents one of the environmental treatment combinations (right axis). Means plus or 
minus standard error for populations within an environmental treatment combination (n = 
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Figure 2.5. Shoot production rate (number o f new shoots produced day’1 subplot"1) of 
eelgrass from ten genetically differentiated populations. Each bar graph represents one 
environmental treatment combination. A) Shoot production rate (week 1 through week 
5), during which populations were exposed to sediment organic matter treatment. B) The 
shoot production rate (week 5 through 9), during which organic matter and light were 
manipulated. Means plus or minus standard error for populations within an environmental 
treatment (n = 6 for week 1-5, n = 3 for week 5-9). Plot size = 0.125.m2. Populations not 
sharing the same letter are significantly different (Tukey p  < 0.05).
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200"|
Figure 2.6. Final shoot density (number of shoots subplot'1) o f  eelgrass from ten 
genetically differentiated populations. Each bar graph represents one environmental 
treatment combination. Means plus or minus standard error for populations within an 
environmental treatment (n = 3). Plot size = 0.125 m2. Populations not sharing the same 
































b e d f





x < z s
Figure 2.7: Number of shoots per ramet in eelgrass from ten genetically differentiated 
populations. Each bar graph represents one environmental treatment combination. Means 
plus or minus standard error for populations within an environmental treatment (n = 3 
except for Ram Island n = 1 to 3). Populations not sharing the same letter are 
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Figure 2.8. Rhizome elongation (mm ramet'1 day'1) o f eelgrass ramets from ten 
genetically differentiated populations following a 13-week common garden mesocosm 
experiment. Each row represents one o f the environmental treatment combinations (right 
axis). Means plus or minus standard error for populations within an environmental 
treatment combination (n = 3, except for Ram Island n = 1 to 3). Populations not sharing 
the same letter are significantly different (Tukey p  < 0.05).
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Figure 2.9. Weight produced per ramet o f eelgrass from ten genetically differentiated 
populations following a 13-week common garden mesocosm experiment (g o f plant 
material produced ramet'1) (i.e. total ramet weight -  initial ramet weight = grams 
produced per ramet). Each row represents one of the environmental treatment 
combinations (right axis). Means plus or minus standard error for populations within an 
environmental treatment combination (n = 3, except for Ram Island n = 1 to 3). 
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Figure 2.10. Resilience score for eelgrass from nine genetically differentiated populations 
following a 13-week common garden mesocosm experiment in which sediment organic 
matter content and light were manipulated. Means plus or minus standard error for 
populations within an environmental treatment (n = 3). Populations not sharing the same 
letter were significantly different (Tukey p  < 0.05).
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Figure 2.11. Least squares linear regression results of resilience in four environmental treatment combinations, after a 13-week 
experimental period. From the left: resilience as a function of source population percent fine-grained sediment, source 
population average leaf width, source population allelic richness (A), observed heterozygosity (H0), and inbreeding (F iS). Each 
population is depicted with a different symbol. The r-square and p  values are displayed for only significant relationships. Duck 
Island was excluded as an outlier in the percent fine-grained sediment analysis.
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Figure 2.12. Least squares regression results of percent ramet survival in low sediment 
organic content x full light treatment as a function o f percent fine-grained sediment at the 
source site. Duck Island percent fine-grained sediment is clearly an anomaly; therefore, it 
was not included in further regression analyses o f eelgrass responses.
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CHAPTER III
TESTING THE RESTORATION SUITABILITY OF EELGRASS (ZOSTERA MARINA 
L.) FROM GENETICALLY DIFFERENTIATED DONOR POPULATIONS IN A
CAPE COD COASTAL LAGOON
INTRODUCTION
Eelgrass (Zostera marina L.), the dominant seagrass species o f the northern 
temperate region, plays a critical role in sustaining healthy estuaries and coastal 
ecosystems (Moore and Short, 2006). The northern Atlantic eelgrass stock was almost 
extirpated by wasting disease (Labryrinthula zosterae) in the 1930s and has never fully 
recovered because of limited recruitment and its vulnerability to natural and 
anthropogenic stressors. The greatest stressors on eelgrass populations are eutrophication 
and sedimentation linked to increased human development (Kemp et al., 1983; Short and 
Burdick, 1996; Short and Wyllie-Echeverria, 1996). Sporadic incidents o f wasting 
disease (Short et al., 1996) and direct physical disturbances from activities such as 
boating, dock construction (Burdick and Short, 1999) dredging and fishing (Neckles et 
al., 2005) also threaten this species. Because eelgrass provides important ecological 
services to coastal systems, widespread efforts have been made to maintain eelgrass 
habitat (Massachusetts Wetlands Protection Act; Federal Clean Water Act: Section 401
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and 404), as well as local incentives to restore eelgrass populations to their historic 
distributions.
Eelgrass restoration by transplanting adult shoots or seedlings establishes eelgrass 
habitat faster than the natural processes o f recolonization (Short et al. 2002), and has been 
used to restore and mitigate loss of eelgrass populations at many sites in the western 
North Atlantic (Davis and Short, 1997; Evans and Short, 2005; Orth et al., 2006; Leschen 
et al., 2009; Orth et al., 2010). Poor restoration site selection has been identified as the 
major factor limiting transplant success (Harrison, 1990; Fonseca et al., 1998). In efforts 
to improve success and advance eelgrass restoration science, much attention has been 
given to restoration site selection.
Criteria for determining suitable eelgrass habitat have been established for 
eelgrass in the northeast USA. When such site selection criteria are effectively applied, 
restoration success rates improve (Short et al., 2002; Paling et al., 2009). Short et al. 
(2002) developed an approach to assessing eelgrass restoration site suitability based on 
environmental conditions and test transplanting. Survival o f test transplants may offer the 
best indicator o f restoration site potential (Short et al., 2002). Preliminary transplant 
success may be inhibited by biological or environmental conditions not detected or 
considered during the site-selection process (Leschen et al., 2009). Bioturbation, for 
instance, is a common cause for test transplant failures (Davis and Short, 1997; Davis et 
al., 1998). However, even in seemingly suitable environmental conditions and in the 
absence of bioturbators, test transplants often fail (Fonseca et al., 1998; Short et al.,
2002). The failure of test transplants even when site selection criteria have been 
effectively evaluated suggests that there are other factors which are important besides
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those addressed in the initial restoration site selection. Such factors may include the vigor 
and transplant success of eelgrass donor populations.
The selection of vigorous donor populations may be important for short-term 
eelgrass transplant success, as well as for long-term population stability. Eelgrass plants 
exhibit a wide range of phenotypic characteristics and growth strategies, some o f which 
are controlled by their local environmental conditions and others by their diversity and 
range o f phenotypic plasticity (Moore and Short, 2006). In general, eelgrass restoration 
guidelines employ the concept presented by Addy (1947), who recommended harvesting 
eelgrass growing in close proximity to the restoration site, with similar environmental 
conditions to serve as a donor population (Fonseca et al., 1998). Selecting nearby eelgrass 
beds as donor stock posits that the eelgrass will be adapted to the local conditions; 
however, no definition exists for describing the geographic extent of local adaptation, 
even in more widely studied plant species (McKay et al., 2005). Furthermore, the 
geographic proximity and how similar the donor and restoration site environmental 
conditions should be to ensure restoration success have not been investigated.
The physiological condition of the transplant material may also affect transplant 
success, and should be considered when selecting a donor population and the time o f year 
for transplanting. The condition o f plants may positively or negatively affect transplant 
success. For instance, plants growing in a light-limited environment may perform better 
when transplanted into a less light-limited site. On the other hand, plants growing in a 
nutrient enriched site may not perform well in a nutrient-limited site. Plant phenology 
may also affect transplant success, as flowering shoots o f eelgrass die after flowering, 
and their lateral expansion is minimal. For this reason, transplant collection and
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installment for restoration should be done well before or after the flowering season of 
eelgrass (Fonseca et al., 1998).
Genetic diversity o f donor plants may influence both short and long-term 
restoration success. Initial survival and growth of eelgrass transplants have been shown to 
correlate positively with genetic diversity (Williams, 2001), and the results o f the Chapter 
II mesocosm experiments corroborate the findings o f Williams (2001). For long-term 
success, suitable genetic variation in the transplant donor stock is necessary for the 
restored population to be able to adapt to environmental changes and avoid inbreeding 
depression (Mills and Allendorf, 1991; Davis and Shaw, 2001; McKay et al., 2005).
Eelgrass beds exist within metapopulations (Olsen et al., 2004; Short et al., 2012) 
where local populations are connected to each other through seed dispersal (Reusch et al., 
2000). Therefore, it is important to consider the connectivity o f local eelgrass beds at a 
metapopulation scale when performing restoration (Olsen et al., 2004; van Katwijk et al., 
2009). Restoration of eelgrass populations should then aim to protect natural gene flow 
among populations, and minimize isolation by distance (Kendrick et al., 2012). Though 
important, an investigation into the long-term influence o f donor population on 
restoration success is beyond the scope of this thesis. Testing the short-term transplant 
success of genetically differentiated donor populations o f eelgrass is the objective o f the 
present study.
The hypothesis that eelgrass donor populations may differ in suitability for 
restoration has not been tested in the western North Atlantic region. In the Wadden Sea, 
researchers found differential performance o f eelgrass from different geographic 
locations in both laboratory and field experiments. Van Katwijk et al. (1998 and 1999)
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found differential responses of eelgrass from different source locations to varying levels 
o f light, salinity and nutrients. The mesocosm results presented in Chapter II indicate that 
multiple characteristics of donor populations influence differential performance among 
populations with regard to light and sediment organic matter content. The findings o f 
Katwijk et al., and those presented in Chapter II, highlight the need for further 
investigation on the role o f donor site selection in restoration success, while considering 
multiple characteristics of the donor populations including, environmental conditions, 
plant morphology, and genetics.
This chapter presents an evaluation o f the suitability o f four genetically 
differentiated eelgrass populations to serve as donor stock for the restoration of eelgrass 
in East Harbor, a back barrier coastal lagoon located in Truro, Massachusetts. The present 
study builds upon the results o f Chapter II, where populations were identified that were 
more resilient to the stresses typically associated with transplanting, reduced light and 
high sediment organic content. As a preliminary test of the role of donor population 
transplant success at one location, the objective was to find out whether the same 
populations were able to survive and grow successfully as transplants in East Harbor. It 
was hypothesized that because the four selected populations exhibited high degrees of 





East Harbor, located in Truro, Massachusetts, is a ~140 hectare back barrier 
coastal lagoon with partial tidal exchange with Cape Cod Bay (Figure 3.1). East Harbor 
presently lacks eelgrass. It was artificially isolated from Cape Cod Bay in 1868 by the 
damming of the original 300 m wide inlet at the northwest end of the system. Muted tidal 
flow was restored in 2002 to this brackish water body, with the permanent opening o f a 
culvert connected to Cape Cod Bay. The tidal restoration followed over a century of 
deteriorating water quality characterized by stagnant water, chronic chironomid midge 
outbreaks, and a massive fish kill in 2001 (Portnoy et al., 2007).
Historical records indicate that East Harbor supported eelgrass and Ruppia 
maritima prior to the 2002 tidal restoration (Addy and Aylward, 1944), as well as after 
2002 (Portnoy et al., 2007). Eelgrass was reported to have grown in patches around the 
lagoon until 2007, when there were massive macroalgal blooms (Portnoy et al., 2007). 
The blooms likely killed the eelgrass by reducing light penetration to the bottom and 
therefore shading out any existing beds and depleting oxygen. No scientific efforts were 
made to understand the occurrence and disappear o f eelgrass after the restoration. Since 
2007, there have been no major algal blooms, and no sign of eelgrass re-colonization.
Source population selection
Three of the most resilient eelgrass populations, as well as one moderately 
resilient population, identified in the Chapter II mesocosm studies were chosen for the 
present field study. The populations represented each of three distinct metapopulations 
identified in the Short et al. (2012) study. Eelgrass from Nannies Island, NH and 
Southway, MA exhibited high and moderate resilience in the mesocosm experiments
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(respectively) and represented the New Hampshire/Massachusetts metapopulation; 
eelgrass from North Prudence Island showed high resilience and represented a mixing 
zone between the Rhode Island/Connecticut metapopulations, and eelgrass from Great 
South Bay exhibited high resilience and represented the New York metapopulation. The 
morphology of ramets prior to transplanting into East Harbor varied among the 
populations (Table 3.1).
Transplanting methods
Bare-root eelgrass ramets were collected from the mesocosms in which the low 
stress environmental treatment o f low sediment organic matter and full light (LOM x 
100% light) was used, ensuring that all transplants had similar conditions prior to 
transplanting. These plants were then transplanted into East Harbor on 22 September 
2011, at a sediment elevation o f 1 m below MSL, ~1 m water depth. For the mesocosm 
experiment, all eelgrass ramets were harvested from the mesocosms in the same order 
that they were planted into the mesocosms (see Chapter II methods). Because the 
populations were uprooted from their mesocosm sediment on different days, some 
populations were held bare-root longer than others. Specifically, Nannies Island eelgrass 
transplants were held for 8 days, Southway for 10 days, North Prudence Island for 11 
days, and Great South Bay for 16 days.
A total o f twenty ramets from each population, having two shoots each, were 
transplanted into East Harbor. Eight steel reinforcing bars, 50 cm long, 3/8-inch gauge 
referred to hereafter as anchors, were used to anchor ramets to the sediment surface. Ten 
ramets from one population were attached to each anchor with small plastic cable ties
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(Figure 3.2). Each anchor served as an experimental unit or plot. Each population had 
two replicate anchors. Two ramets were tied together at one position along the anchor 
with rhizomes pointing in opposite directions (Figure 3.2). Each anchor was placed in a 
line parallel to each other with 1 m distances between each (Figure 3.3). The anchors 
were not removed for the duration of the experiment. The shoot arrangement (rhizomes 
placed parallel to one another oriented in opposite directions) is similar to that o f Davis 
and Short (1997). The anchoring method was similar to one used by Phillips (1990).
Eelgrass monitoring
Shoot density (number o f shoots per plot) was measured over a period o f twelve 
months from September 2011 through September 2012 (Table 3.4). Survival was 
assessed after twelve months by counting the number o f live ramets attached to each 
anchor. Percent areal expansion was assessed by measuring the length and width o f each 
plot after twelve months o f growth.
Water quality monitoring
Temperature, salinity, turbidity and water level were measured continuously from 
23 May 2012 through 13 September 2012 using a YSI 6600 multi parameter water 
quality monitoring sonde (YSI, Lincoln, NE). Water column dissolved nitrogen 
concentrations were available for the first four months o f the study.
Data analysis
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The data reported are actual values measured in the field. Means of shoot density 
were used to calculate a one-way ANOVA to test the effect o f population. The Tukey test 
of significant differences was used to detect differences in shoot density among the 
populations. All analyses were conducted in JMP (Version 9.0.2, SAS Institute Inc.) with 
significance determined at the 95% probability level (p < 0.05).
RESULTS
Water quality
Temperatures ranged from 11.7 to 29.3°C between May and September (Table 
3.2). Average water temperatures were the warmest in August. Average salinity for the 
five-month period was 28 ppt with a maximum of 30.4 ppt in August and minimum of 
24.5 ppt in May. Turbidity increased from May to June, and was highest in June and July. 
May, August and September had relatively low turbidity compared to June and July 
(Table 3.2). Water column dissolved inorganic nitrogen (DIN) concentrations ranged 
from 0.62 pM in September to 3.29 pM in November (Table 3.3).
Eelgrass shoot density, survival and areal expansion
Eelgrass shoot density was higher for Southway plots than Nannies Island 11 days 
after transplanting (4 October 2011 ) ( p <  0.05 Tukey; Table 3.4; Figure 3.4). Shoot 
density ranged from 0 to 24 shoots (Nannies and Southway, respectively) after 133 days 
(8 February 2012), though no effect of population was detected. This was likely due to 
the small sample size (n = 2). The shoots produced by Nannies Island and Great South 
Bay eelgrass between 4 October and 8 February were notably small (none > 3 cm) based
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on field observations, though precise shoot heights were not measured. All plots except 
Southway had zero shoots after 268 days (22 June 2012). Southway eelgrass plots had 53 
and 33 shoots per plot (Table 3.4). No shoots emerged for Nannies Island, Prudence 
Island, or Great South Bay plots through the remainder o f the monitoring period.
Southway plots continued to produce new shoots after 281 days (5 July 2012) 
(Figure 3.4). Shoot density dropped between 28 July and 7 August 2012 but rebounded in 
the weeks that followed (Figure 3.4). The decrease and rebound in shoot density 
corresponds with changes in water column turbidity. The final shoot density for 
Southway plots were 134 and 49 shoots per plot. Average ramet survival o f the plots was 
80%, with 100% and 60% survival at the two individual plots. The Southway eelgrass 
expanded to cover an area of 0.60 m2 in plot number 1 and 0.58 m2 in plot number 2. This 
translates to a 290% and 280% increase in areal coverage from the initial planted area.
DISCUSSION
Eelgrass plants originating from four genetically differentiated populations were 
transplanted into one restoration site and eelgrass from only one population, Southway, 
MA, survived. Not only did the Southway eelgrass transplants survive but they grew and 
expanded. Southway eelgrass plots had high initial survival, apparent in the number of 
shoots present at.each plot two weeks after transplanting; Nannies Island eelgrass had 
significantly lower survival than the other populations after two weeks. North Prudence 
Island and Great South Bay eelgrass maintained shoots in all plots until February, after 
which all shoots disappeared. Southway eelgrass, however, almost doubled its shoot 
density in June compared to its February shoot density. Based on these preliminary
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results, Southway eelgrass was the most suitable o f these four populations to serve as 
donor stock for eelgrass restoration in East Harbor (Table 3.4; Figure 3.4).
The success of Southway eelgrass transplants in East Harbor may be attributed to 
their ability to adapt to the water quality conditions at East Harbor more rapidly than 
eelgrass from the other populations. Eelgrass plants are able to adapt phenotypically to 
survive and grow under a wide range of environmental conditions, though the rate at 
which they adapt may not always be rapid enough for plants to survive. For this field 
study, the immediate donor sites o f each o f the populations were the UNH mesocosms, 
which had low organic sediments and high water column N. Eelgrass plants tend to 
acquire N through their leaves when water column concentrations are high and through 
their roots when water column N is low (Short and McRoy, 1984). Because all 
transplants were grown for an extended period of time in the high-N waters o f  the 
mesocosms, it is likely that they were acquiring N through their leaves. The water column 
N concentrations at East Harbor during the first few months o f  the field experiment were 
low (mean = 1.7 pM DIN). The variation in initial shoot productivity, with Nannies 
Island eelgrass plots having significantly lower shoot density than Southway eelgrass 
plots after two weeks of growth in the field, implies that Southway eelgrass plants were 
able to adapt more rapidly to the low-N column conditions o f East Harbor by acquiring N 
through the roots rather than leaves.
The success o f the Southway eelgrass transplants may also be attributed to their 
ability to rapidly adapt to the relatively reduced light conditions of East Harbor. Due to 
the difference in water depth between the mesocosms and East Harbor, the light 
conditions in the mesocosms were presumably higher. Thus, the eelgrass transplants were
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transferred from a high-light environment to a relatively reduced-light environment. The 
success of the Southway eelgrass transplants relative to Nannies Island transplants after 
two weeks o f growth in East Harbor implies that Southway transplants were able to adapt 
quickly to both the reduced-light and low water column N conditions o f East Harbor. 
There were no statistically significant differences in shoot density observed for the North 
Prudence Island and Great South Bay eelgrass plots. Therefore, no inferences can be 
made as to whether their failure was due to their inability to transition from the high-N 
and high-light waters of the mesocosms to the conditions at East Harbor rapidly enough 
to survive and expand.
The relatively close proximity o f the Southway source population and East 
Harbor may have also contributed to its success. The location o f a population is 
influenced by large-scale climatic conditions occurring along a latitudinal gradient. 
Eelgrass phenology (Walker et al., 2001) and leaf biomass production vary with latitude 
(Short et al., 1989). Thus, eelgrass populations are attuned to the climatic conditions, and 
the degree of plasticity plants exhibit reflects what is needed for survival and growth in 
their native latitude. The survival and productivity o f Southway eelgrass imply that 
eelgrass from this population is adapted to the overarching climatic conditions o f East 
Harbor.
East Harbor eelgrass is located within the NH/MA eelgrass metapopulation (Short 
et al., 2012). With the goal of maintaining the large-scale genetic integrity o f the 
metapopulation in the region, both the Nannies Island and Southway eelgrass populations 
could conceivably be used as donor stock for restoration. However, the success of
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Southway eelgrass and failure of Nannies Island eelgrass in the field tests imply that 
metapopulation source alone does not determine transplant success in East Harbor.
Comparison of the field and mesocosm experiments
In the mesocosm experiment, eelgrass from Nannies Island, North Prudence 
Island and Great South Bay performed remarkably well and exhibited high resilience to 
stresses associated with transplanting. The performance o f the plants in the mesocosms 
was significantly related to a number o f source population characteristics (Chapter II, 
Table 2.7). The failure of these same populations in the field experiment indicates that the 
eelgrass characteristics necessary for survival and growth in East Harbor were different 
than those that influenced resilience in the mesocosms. Southway plants performed 
moderately well in the mesocosm experiments, but did not stand out as having 
exceptionally high or low resilience to transplanting stress. The success o f the Southway 
plants in both the field and mesocosms implies that eelgrass from this populations has 
greater phenotypic plasticity than the other populations.
CONCLUSION
The present field study determined the extent to which adult eelgrass plants from 
four genetically differentiated populations in New Hampshire, Massachusetts, Rhode 
Island, and New York were able to survive, grow and expand after transplanting in a 
coastal lagoon located on Cape Cod, MA. The eelgrass from the MA population survived 
and expanded, whereas plants from all other populations did not. The finding strongly 
suggests that donor population selection influences eelgrass transplant success. The
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findings of this study and of Chapter II provide evidence that eelgrass transplant success 
is influenced by donor population selection; however, it is not clear what characteristics 
o f the donor population best predict transplant survival and productivity. The findings o f 
the mesocosm and field experiment demonstrated that a combination o f donor population 
characteristics, including: 1) local adaptation or home site advantage, 2) eelgrass 
morphology, 3) eelgrass phenotypic plasticity and 4) genetic diversity might all influence 
transplant success. Furthermore, this thesis underscores the need for additional field 
experiments to test the role of donor population selection on eelgrass restoration success. 
Test transplanting should be carried out at multiple sites, with a high level o f replication 
within sites. Furthermore, eelgrass donor site environmental, morphological and genetic 
characteristics should be thoroughly assessed as potential influencers o f transplant 
success for eelgrass restoration.
85
Table 3.1. Summary of the morphology of eelgrass originating from four different source 
populations, prior to transplanting into East Harbor. Prior to transplanting into East 
Harbor, eelgrass ramets were grown in outdoor common gardens mesocosms for 13 
weeks under the conditions of low sediment organic content and full light. T = terminal 
shoot. L = lateral shoot. Initial morphology traits that differed significantly among 
populations are bold (n = 3). Populations sharing the same letters were not significantly 
different (Tukey p  < 0.05).
Variable
Source population 






Shoot height (cm) T 36.7 ±0.8 28.1 ±0.5 34.8 ±2.6 23.3 ±0.2
Shoot height (cm) L 22.1 ±0.5 17 ±0.6 23 ± 1.9 15.6 ±0.8
Sheath length (cm) T 12.3 ±0.9“ 11.7 ±0.1* 11.6 ±0.7* 7.3 ± 0.7b
Sheath length (cm) L 7±0.4*b 5.4 ±  0.4*b 7.5 ±1.1* 4.3 ± 0.2b
Number of leaves shoot'1 T 4.8 ±0.4 4.7 ± 0.3 5 ±0.5 5.2 ± 0.2
Number of leaves shoot'1 L 3.4 ±0.1 3 ±0.2 3.8 ±0.2 3.5 ±0.3
Leaf width (mm) T 4.6 ± 0.3 5 ± 0 5.4 ±0.2 4.9 ± 0.3
Leaf width (mm) L 2.9±0.1b 3 ±  0.1*” 3.6 ±0.1* 3.1 ± 0.3*b
Leaf area (cm2 shoot '1) T 103.4 ±12.8 94.4. ±7.4 116.4 ± 18.6 69.4 ± 12.7
Leaf area (cm2 shoot'1) L 26.5 ± 1.5“b 17.8 ± 0.7b 35.1 ±3.1* 19.6 ±  2.6b
Leaf mass (mg cm'2) T 2.4 ±0.1* 3.5 ±0.1* 3.4 ± 0.3 *b 2.7 ± 0 .lbc
Leaf mass (mg cm'2) L 2.1 ± 0 2.9 ±0.2 2.5 ± 0.3 2.3 ± 0.2
Rhizome elongation rate (mm day'1) 7 ±1.4’ 2 3  ±  0.3b 4 ± 0.6“b 3.6 ± 0.2 *b
Intemode length (mm) 22.8 ± 3.7 15.7 ±1.6 20.5 ± 2.3 20.8 ± 1.1
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Table 3.2. Water quality data from the East Harbor eelgrass test transplant site. Data 
collected by YSI 6600 at 30-minute sampling intervals from 23 May 2012 to 13 
September 2012.
May June July August September
Temperature °C
Mean (SE) 21.3 ±0.1 20.4 ±0.1 24.9 ±0.0 25.4 ± 0.0 22.0 ±0.1
Median 21.3 20.3 24.8 25.5 22.3
Min 19.5 11.7 21.4 21.7 16.9
Max 26 28.4 29 29.3 25.8
Salinity ppt
Mean (SE) 22.9 ± 0.0 23.8 ±0.0 27.2 ± 0.0 28.8 ± 0.0 28.5 ±0.0
Median 23.1 23.8 27.3 28.8 28.6
Min 21 20.4 21.7 27 26.3
Max 24.5 24.9 30.2 30.4 29.9
Dissolved Oxygen mg/L 
Mean (SE) 7.9 ±0.0 8.3 ± 0.0 8.0 ± 0.0 7.4 ± 0.0 7.7 ±0.1
Median 7.9 8.2 7.9 7.3 7.2
Min 4.7 4.8 4.6 3.1 4.5
Max 10.1 10.9 12.9 11.9 12.9
Turbidity NTU
Mean (SE) 2.8 ±0.1 100.0 ±6.1 309.5 ± 7.0 5.3 ±0.2 4.3 ± 0.3
Median 2.5 7.8 316 4.8 3.2
Min 0.4 1.4 2.9 1.9 1.2
Max 10.3 1279.1 1120 215.5 127.7
Table 3.3. Water column dissolved nitrogen data from the East Harbor eelgrass test 
transplant site, collected between September and December 2011 (n = 6).
Date NO 3 (gM) N H 4 (pM ) DIN (pM)
September 7,2011 0.07 ±0.01 0.55 ± 0.09 0.62 ±0.1
October 18,2011 0.09 ± 0.02 0.62 ± 0.09 0.72 ±0.11
November 2, 2011 0.39 ±  0.05 2.9 ±0.21 3.29 ±0.25
December 5,2011 0.43 ± 0.04 1.88 ±0.35 2.31 ±0.4
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Table 3.4. Eelgrass shoot density (number o f shoots plot'1) and ramet survival (percent 
plot'1) of eelgrass, originating from four different populations, transplanted into East 
Harbor, Truro, MA, over the course o f twelve months. Plot = one 50 cm-long rebar 









Plot No. No. o f shoots plot'1
September 22, 2011 1 20 20 20 20
2 20 20 20 20
October 14, 2011 1 7 21 11 15
2 6 24 18 22
February 8, 2012 1 4 24 5 4
2 0 22 20 5
June 22, 2012 1 0 53 0 0
2 0 33 0 0
July 5,2012 1 0 68 0 0
2 0 35 0 0
July 28, 2012 1 0 84 0 0
2 0 53 0 0
August 7, 2012 1 0 87 0 0
2 0 32 0 0
September 15, 2012 1 0 134 0 0
2 0 49 0 
Percent survival p lo t'1
0
September 15, 2012 1 0 100 0 0




N. Prudence Island, Rl
Great South Bay, NY
Figure 3.1. Map o f the locations of the four eelgrass populations used in the field test 
transplant study (left) and the field study test transplant site East Harbor, Truro, MA 
(right). The star marks the test transplant location.
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Cable tie
Figure 3.2. Eelgrass tied to steel rebar anchor. Top, ten eelgrass ramets tied to the rebar 
anchor. Each ramet has two shoots. Bottom, close-up of two ramets tied to the anchor 
with plastic cable ties. Rhizomes are pointed in opposite directions.
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Shoreline
Figure 3.3. Schematic of test transplant plots (not to scale) in East Harbor. Each line 
represents one plot in which 20 eelgrass shoots from one o f four donor populations were 
transplanted. Each line style represents a different population. Each population had two 
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Figure 3.4. Eelgrass shoot density per plot of eelgrass originating from four different populations, transplanted into East 
Harbor, Truro, MA, monitored over the course of twelve months. Solid line indicates plot number 1 for each of the 
populations, and a dashed line indicates plot number 2. The solid grey horizontal line symbolizes the initial planting density of 
20 eelgrass shoots per plot.
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APPENDIX A
Terms and definitions of population genetics used in the present thesis (DeYoung and 
Honeycutt, 2005; Beebee and Rowe, 2008).
Term Definition
Allele Alternative forms of a DNA sequence that differ in 
size (number of the nucleotide base-pairs).
Neutral markers Genetic markers that are not under selection but 
instead vary by chance events.
DNA Microsatellite Repeated short tandem DNA sequences flanked by 
unique sequences and distributed throughout the 
genomes o f eukaryotes.
Locus The specific location of a gene or DNA sequence on a 
chromosome.
Genotype A description of the alleles present in an individual at a 
locus.
Genotypic diversity The number of genotypes, or clones, within a 
population.
Allelic richness (A) The average number of alleles per locus.
Heterozygosity The average proportion o f loci that carry two different 
alleles at a single locus within an individual.
Observed heterozygosity (H0) H0 = No. of heterozygotes / N
Expected heterozygosity (He) Hc = 1 -  £  pi2 (pi = frequency o f the ith allele)
Unbiased expected heterozygosity (UHe) UHe = (2N / (2N -  1)) x Hc
Inbreeding Mating between close relatives, with degree measured 
in terms of the loss of heterozygosity.
Inbreeding coefficient (Fis) F!t = (Mean UHe -  Mean H0) / Mean UHe
Population genetic differentiation (Fa) Description of genetic differentiation used to estimate 
the degree of genetic divergence between populations. 
Fs, values range from 0 to 1. As the value approaches 
1, the 2 populations show greater differentiation in 
terms of allele frequency differences (Wright, 1951).
107
APPENDIX B
Summary of physiological response measures of eelgrass from ten genetically differentiated populations within a factorial 
treatment combination. Means plus or minus standard error. T = terminal shoot. L = lateral shoot.
Population
W.
Nannies Is., Southway, Falmouth West Is., N.Prudence Ninigret Duck Is., Shelter Is., Great S.
Dependent variables NH MA Har., MA MA Is., RI Pond, Rl Ram Is., CT CT NY Bay, NY
Survival (% ramets subplot'1)
Low OM 92.2 ±3 .2 91.1 ±3.3 84.4 ± 5 .6 74.4 ±4.7 88.9 ± 4 .4 83.3 ± 5.6 42.2 ±4.1 67.8 ±7.2 86.7 ±3 .4 90 ± 4
High OM 58.9 ±7 .2 45.6 ± 4 .4 25.6 ± 4 23.3 ±7.8 70 ± 6.6 47.8 ± 3.2 11.1 ±6.1 32.2 ± 5.8 42.2 ±9.2 65.6 ± 5
100% Light 81.1 ±7.2 74.4 ±  10.5 54.4 ±  12.6 56.7 ±  10.9 78.9 ± 8.7 73.3 ±  10 22.2 ±6.1 47.8 ± 5.8 75.6 ±8.2 82.2 ± 4.8
58% Light 70 ±10.4 62.2 ±  10.6 55.6 ±15.4 41.1 ±14.2 80 ±4.9 57.8 ±6 .6 31.1 ± 10.3 52.2 ±13.3 53.3 ±13.3 73.3 ±8 .6
Low OM x 100% Light 93.3 ±6 .7 97.8 ±2.2 80 ± 10.2 77.8 ±2.2 91.1 ±5 .9 95.6 ±2.2 33.3 ± 0 57.8 ±5 .9 93.3 ±3.8 88.9 ± 8
Low OM x 58% Light 91.1 ±2 .2 84.4 ±2.2 88.9 ± 5.9 71.1 ±9 .7 86.7 ± 7.7 71.1 ±2 .2 51.1 ±2.2 77.8 ± 11.1 80 ± 0 91.1 ±5 .9
High OM x 100% Light 68.9 ± 8 51.1 ±2.2 28.9 ± 5 .9 35.6 ±11.8 66.7 ± 13.9 51.1 ±2.2 11.1 ± 8 37.8 ±5.9 57.8 ±2 .2 75.6 ±2.2
High OM x 58% Light 48.9 ±9.7 40 ± 7.7 22.2 ± 5.9 11.1 ±4 .4 73.3 ±3 .8 44.4 ±5 .9 11. l ±  11.1 26.7 ± 10.2 26.7 ± 13.3 55.6 ±4.4
Shoot production: week 1-5 (No. o f shoots produced subplot'1 day '1)
Low OM 0.9 ±0.1 0.2 ± 0 0 ± 0 0 ± 0 0.3 ±0.1 0 ± 0 0 ± 0 0 ± 0 0.1 ± 0 0.3 ±0.1
High OM 0.1 ±0.1 -0.1 ±0.1 -0.2 ± 0 -0.2 ± 0 -0.1 ±0.1 -0.1 ± 0 -0.2 ± 0 -0.2 ± 0 -0.2 ±0.1 0 ± 0
Shoot production: week 5-9 (No. o f shoots produced subplot'1 day'1)
LowOM 1 ±0.1 0.7 ±0.1 0.7 ±0.1 0.3 ±0.1 0.8 ±0.1 0.6 ±0.1 -0.2 ± 0 0.3 ± 0 0.6 ±0.1 1.6 ± 0.1
High OM 0.6 ±0.1 0.2 ±0.1 -0.1 ± 0 -0.2 ±0.1 0.5 ± 0 0.2 ±0.1 -0.2 ± 0 0 ± 0 0 ± 0 0.6 ±0.1
100% Light 0.8 ±0.1 0.5 ±0.1 0.3 ±0 .2 0.1 ±0.1 0.7 ±0.1 0.4 ±0.1 -0.2 ± 0 0.2 ±0.1 0.4 ±0.1 1.2 ±0.3
58% Light 0.7 ±0.1 0.4 ±0.1 0.3 ± 0.2 0 ±0.1 0.6 ±0.1 0.3 ±0.1 -0.1 ± 0 0.1 ±0.1 0.2 ±0.1 1.1 ±0 .2
LowOM x 100% Light I ±0.2 0.7 ±0.2 0.7 ± 0 0.3 ±0.1 0.9 ±0.1 0.7 ±0.1 -0.2 ± 0 0.4 ±0.1 0.7 ±0.1 1.8 ±0 .2
Low OM x 58% Light 1 ±0.1 0.7 ± 0 0.7 ±0.1 0.3 ±0.1 0.8 ±0.1 0.5 ±0.1 -0.1 ±0.1 0.3 ± 0 0.4 ± 0 1.5 ±0 .2
High OM x 100% Light 0.7 ±0.1 0.3 ± 0 0 ± 0 -O.l ± 0 0.6 ±0.1 0.2 ± 0 -0.2 ± 0 0 ± 0 0.1 ± 0 0.6 ± 0























Shoot density: week 13 (No. o f  shoots subplot'1)
LowOM  131 ±11 70.8 ±  7.2 55.2 ± 6.2 35.2 ±3 .7 92.7 ± 7 55 ±6.1 7.2 ±0.7 29.5 ±2.1 39.5 ±4.8 . 135 ± 7
High OM 79 ±19.3 34.2 ± 7 15.2 ±3.9 8±3.1 71 ± 8 31.3 ± 5 3.2 ±1.4 10.7 ±1 .7 17.7 ±5 .6 67.2 ± 3.8
100% Light 124 ±17.2 65.2 ± 9 .6 41.5 ±9.5 28 ±7.1 94.2 ± 8.3 51.7 ±  7.6 4.8 ± 1 22.8 ±4 .4 39 ±5.3 106.2 ± 18.1.
58% Light 86 ± 18 39.8 ±8.8 28.8 ±10.3 15.2 ±5 .6 69.5 ±5.5 34.7 ±5 .6 5.5 ±1.8 17.3 ±4.5 18.2 ±5 .6 96 ±13.6
Low OM x 100% Light 140.3 ± 19 85.3 ±  5.4 60.7 ±8.1 43 ± 1.7 105.3 ± 7.2 66.3 ±4 .8 5.7 ± 0.3 32.3 ±2.7 49 ± 4.4 146 ± 4 .
Low OM x 58% Light 121.7 ± 12.5 56.3 ±4 .4 49.7 ±9.8 27.3 ± 2,2 80 ± 5.5 43.7 ±5 .8 8.7 ±0.7 26.7 ±2 .6 30 ± 2 .6 124 ± 10.5
High OM x 100% Light 107.7± 29.1 45 ±5.1 22.3 ±4.7 13 ±4 .6 83 ± 13 37 ±7.1 4 ± 2 13.3 ±0.7 29 ±4.5 66.3 ± 6.2
High OM x 58% Light 50.3 ±  14.2 23.3 ± 1 0 8 ±  1 3 ±1.5 59 ±3.2 25.7 ±6.5 2.3 ± 2.3 8 ±2 .6 6.3 ±2 .8 68 ± 5 .6
No. o f  shoots ramet'1 
Low OM 9.6 ±0 .8 6.1 ±0.5 4.6 ± 0.4 3.1 ±0.3 7.8 ± 1.3 5.4 ± 0.4 1.2 ±0.1 2.9 ±0.3 3.9 ±0.8 10.7 ±0.8
High OM 9.1 ±1.3 5.9 ±0.9 4.3 ±1 .2 2.1 ±0.4 8.7 ± 1 .2 4.1 ±0.5 3.1 ±1 .4 2.2 ±0.2 3.1 ±0 .5 9 ±0 .8
100% Light 10.1 ±0 .4 7.2 ±0.6 5.4 ±1 3.1 ±0.4 10.2 ±1.1 5.2 ± 0.4 2.3 ±0 .9 2.6 ± 0 .4 4.4 ±0 .8 10.8 ± I
58% Light 8.5 ±1.3 4.8 ±0.5 3.4 ±0 .4 2.1 ±0.2 6.2 ± 0 .6 4.3 ±0.5 1.3 ±0.2 2.5 ±0 .2 2.6 ±0.3 8.8 ±0.3
Low OM x 100% Light 9.3 ±0.2 6.8 ±0 .8 5.1 ±0.3 3.7 ±0.4 9.7 ± 1.9' 5.7 ±0.7 1.2 ±0.1 3.1 ± 0 .7 4.9 ±1 .6 12.2 ±0 .6
Low OM x 58% Light 9.8 ± 1.7 5.4 ±0.2 4 ±0.7 2.5 ±0.1 5.9 ±0.9 5.1 ±0.3 1.2 ±0.2 2.7 ±0 .2 3 ± 0 9.1 ±0 .6
High OM x 100% Light 10.9 ± 0 .6 7.6 ± 1 5.8 ±2.3 2.4 ±0.6 10.8 ±1.3 4.8 ± 0 .4 3.8 ±2.2 2 ± 0 4 ± 0 .6 9.4 ±1 .6
High O M x 58% Light 7.2 ± 2 4.2 ±0 .9 2.8 ±0.3 1.7 ±0.3 6.6 ± 1 3.4 ±0.7 1.7 ± . 2.3 ±0 .4 2.1 ±0.5 8.6 ±0.3
Above-ground weight (g produced ramet'1) 
Low OM 0.8 ±0.1 0.6 ± 0 0.3 ± 0 0.3 ±0.1 0.8 ±0.1 0.6 ±0.1 0 ± 0 0.5 ±0.1 0.4 ± 0 0.4 ± 0
High OM 0.4 ±0.1 0.4 ±0.1 0.1 ±0.1 0 ± 0 0.5 ±0.1 0.2 ±0.1 -0.2 ±0.1 0 .1 ± 0 0 ±  0.1 0.2 ± 0
100% Light 0.7 ±0.1 0.6 ±0.1 0.2 ±0.1 0.2 ±0.1 0.8 ±0.1 0.5 ±0.1 -0.1 ±0.1 0.3 ±0.1 0.3 ±0.1 0.4 ±0.1
58% Light 0.5 ±0.2 0.4 ±0.1 0.1 ±0.1 0.1 ±0.1 0.5 ±0.1 0.3 ±0.1 -0.2 ±0.1 0.3 ±0.1 0.1 ±0.1 0.3 ± 0
Low OM x 100% Light 0.7 ±0.1 0.6 ±0.1 0.4 ± 0 0.3 ±0.1 0.9 ±0.1 0.8 ± 0 0 ± 0 0.5 ± 0 0.4 ±0.1 0.5 ± 0
Low OM x 58% Light 0.8 ±0.1 0.5 ±0.1 0.2 ± 0 0.2 ± 0 0.7 ±0.1 0.5 ±0.1 0±0.1 0.5 ±0 .2 0.3 ±0.1 0.4 ±0.1
High OM x 100% Light 0.7 ±0.1 0.5 ±0.2 0.1 ±0.1 0 ± 0 0.7 ± 0 0.3 ± 0 -0.1 ±0 .2 0.1 ±0.1 0.1 ±0.1 0.2 ± 0




Nannies Is., Southway, Falmouth West Is., N.Prudence Ninigret Duck Is., Shelter Is., Great S.
Dependent variables NH MA Har., MA MA Is., R1 Pond, R1 Ram Is., CT CT NY Bay, NY
Below-ground weight (g produced ramet"1) 
LowOM 0.7 ±0.1 0.4 ± 0 0.4 ±0.1 0.3 ± 0 0.7 ±0.1 0.6 ±0.1 0.2 ± 0 0.4 ± 0 0.5 ± 0 0.5 ±0.1
HighOM 0.3 ±0.1 0.2 ±0.1 0.1 ± 0 0.1 ± 0 0.4 ±0.1 0.2 ± 0 0.2 ±0.1 0.2 ± 0 0.1 ± 0 0.2 ± 0
100% Light 0.6 ±0.1 0.4 ±0.1 0.3 ±0.1 0.2 ±0.1 0.7 ±0.1 0.5 ±0.1 0.2 ± 0 0.3 ±0.1 0.4 ±0.1 0.4 ±0.1
58% Light 0.4 ±0.1 0.3 ±0.1 0.2 ± 0 0.2 ± 0 0.5 ±0.1 0.3 ±0.1 0.1 ± 0 0.3 ±0.1 0.2 ±0.1 0.3 ±0.1
Low OM x 100% Light 0.8 ±0.2 0.4 ± 0 0.5 ±0.1 0.3 ±0.1 0.8 ±0.1 0.7 ±0.1 0.2 ± 0 0.5 ± 0 0.5 ±0.1 0.6 ± 0
Low OM x 58% Light 0.7 ±0.1 0.4 ± 0 0.3 ± 0 0.3 ±0.1 0.6 ±0.1 0.5 ±0.1 0.2 ± 0 0.4 ± 0 0.4 ± 0 0.4 ±0.1
High OM x 100% Light 0.4 ±0.1 0.3 ±0.1 0.2 ± 0 0.1 ± 0 0.5 ±0.1 0.3 ± 0 0.2 ±0.1 0.2 ± 0.1 0.2 ± 0 0.2 ± 0
High O M x 58% Light 0.2 ±0.1 0.1 ± 0 0.1 ± 0 0.1 ± 0 0.3 ±0.1 0.2 ±0.1 o.r± 0.1 ± 0 0 ± 0 0.2 ± 0
Total ramet weight (g produced ramet'1) 
LowOM 1.5 ±0.2 1 ±0.1 0.7 ±0.1 0.6 ±0.1 1.5 ±0.1 1.2 ±0.2 0.2 ± 0 0.9 ±0.1 0.8 ±0.1 0.9 ±0.1
High OM 0.7 ±0.2 0.6 ±0.2 0.2 ±0.1 0.1 ± 0 1 ±0.1 0.4 ±0.1 0.1 ±0 .2 0.2 ±0.1 0.2 ±0.1 0.4 ± 0
100% Light 1.3 ±0.2 0.9 ±0.2 0.6 ±0.1 0.4 ±0.1 1.5 ±0.1 1 ±0.2 0.2 ±0.1 0.6 ±0.2 0.6 ±0.1 0.7 ± 0 .2
— 58% Light 0.9 ±0.3 0.6 ±0 .2 0.3 ±0.1 0.3 ±0.1 1 ±0.1 0.6 ±0.2 0.1 ±0.1 0.6 ± 0.2 0.4 ±0 .2 0.6 ±0.1
o Low OM x 100% Light 1.5 ±0.4 1 ±0.1 . 0.9 ±0.1 0.7 ± 0.2 1.7 ±0.1 1.5 ± 0.1 .0.2 ± 0 1 ±0.1 0.9 ±0.1 1.1 ± 0
Low OM x 58% Light 1.5 ±0.1 I ± 0.1 0.5 ± 0 0.5 ± 0 1.3 ±0.2 1 ±0.2 0.2 ±0.1 0.9 ± 0.2 0.7 ±0.1 0.8 ±0.1
High OM x 100% Light 1.1 ±0.2 0.9 ±0.3 0.3 ± 0.2 0.2 ± 0 1.2 ±0.1 0.6 ±0.1 0.2 ± 0 .4 0.3 ±0.1 0.3 ±0.1 0.3 ± 0
High OM x 58% Light 0.4 ±0.2 0.3 ±0.1 0.1 ±0.1 0.1 ± 0 0.7 ±0.1 0.3 ±0 .2 -0.1 ± 0.2 ± 0 0 ± 0 0.4 ±0.1
AG:BG biomass 
Low OM 1.1 ±0.2 1.5 ± 0 1.3 ±0.1 1.6 ±0.2 1.4 ± 0.1 1.4 ±0.1 1.9 ±0,1 1.5 ±0.2 1.2 ±0.1 1.1 ±0.1
High OM 1.6 ±0.1 1.9 ±0.1 1.6 ±0.1 1.5 ±0.1 1.6 ±0.2 1.8 ±  0.1 1.2 ±0.1 1.4 ±0.3 1.3 ±0.2 1.5 ± 0
100% Light 1.3 ± 0.1 1.7 ±0.1 1.4 ±0.2 1.6 ±0.2 1.5 ±0.2 1.6 ± 0 .2 1.6 ±0 .2 1.1 ±0.1 1.2 ±0.1 1.3 ±0.1
58% Light 1.3 ±0.2 1.7 ± 0.1 1.5 ±0.1 1.5 ± 0.1 1.5 ±0.1 1.6 ±0.1 1.8 ±0.3 1.7 ±0.3 1.3 ±0.2 1.3 ± 0.1
Low OM x 100% Light I ±0 .2 1.6 ± O l.l  ±0.1 1.6 ±0.2 1.4 ±0.2 1.3 ±0.1 1.8 ± 0 .2 1.3 ±0.1 1 ±0.1 1 ±0.1
Low OM x 58% Light 1.1 ±0.3 1.5 ±0.1 1.5 ±0.2 1.6 ±0.3 1.4 ± 0 1.5 ±0.2 2.1 ±0.1 1.6 ±0.3 1.4 ±0 .2 1.1 ±0.1
High OM x 100% Light 1.5 ±0.1 1.8 ± 0 .2 1.7 ±0.2 1.5 ±0.3 1.5 ±0.3 1.9 ±0.2 1.2 ±0.1 1 ±0.1 1.4 ± 0 .2 1.5 ± 0.1




Nannies Is., Southway, Falmouth West Is., N.Prudence Ninigret Duck Is., Shelter Is., Great S.
Dependent variables NH MA Har., MA MA Is., RI Pond, RI Ram Is., CT CT NY Bay, NY
Shoot height (cm) T
Low OM 37.7 ± 1 36.8 ±4.3 28.2 ± 2 .6 36.5 ±2.7 35.8 ± 1.6 38.2 ±2.3 55 ±2.1 40 ±3.8 29.9 ± 1.3 23.9 ±0 .6
High OM 34.6 ± 2.2 28.2 ±2.1 21.3 ± 1.3 29.6 ±2 .6 28 ± 0 .9 29.5 ± 1.1 23.1 ±0 .9 23.8 ±2.3 19.7 ± 1.5 18.2 ±0.8
100% Light 35.9 ± 0 .8 27.8 ± 0.9 2 1.6 ± 1.4 29.4 ±1.5 31 ±2.2 34.9 ± 2 .9 40.3 ± 7.3 29 ±3.1 24 ± 1.5 20.2 ± 1.4
58% Light 36.4 ± 2 .4 37.1 ±4 .6 27.9 ± 2 .7 36.7 ±3.3 32.8 ±2.1 32.8 ±2.3 49.5 ±8 .7 34.8 ± 5.7 25.6 ± 3 .4 21.9 ± 1.5
Low OM x 100% Light 36.7 ±0 .8 28.1 ±0.5 23.2 ± 1.9 32.5 ± 1.1 34.8 ±2 .6 39.5 ±4 .6 52 ± 3 35.2 ±1 .9 27 ±0.4 23.3 ±0 .2
Low OM x 58% Light 38.7 ± 1.9 45.4 ±4.1 33.2 ± 2 40.6 ± 4.2 36.8 ±2.1 36.9 ± 2 58.1 ±2 .2 44.8 ±6.7 32.8 ±0 .6 24.6 ± 1.1
High OM x 100% Light 35.2 ±1.5 27.6 ±1 .9 20 ±1 .7 26.3 ±1.1 27.2 ± 1.6 30.2 ± 0 .2 22.8 ± 1.4 22.7 ±2.1 20.9 ±1.5 17.2 ±0.3
High OM x 58% Light 34.1 ± 4 .6 28.8 ±4.2 22.6 ±1 .8 32.8 ±4.7 28.7 ± 0 .7 28.7 ±2.3 23.7 ± 24.9 ± 4 .6 18.4 ±2.8 19.2 ± 1.4
Shoot height (cm) L
Low OM 21.4 ± 1.1 22.8 ±3 .4 17.2 ± 1.3 19.1 ±0.9 22.7 ± 0 .9 23.3 ±1 .9 32.1 ±5.3 21.4 ± 2 .7 17.8 ±0 .6 14.9 ±0.5
High OM 20 ± 1.8 16.3 ± 1.2 13.6 ±0 .4 13.9 ±0.7 17.2 ±0 .6 17.2 ±1.5 12.8 ± 1 11 ± 0.6 10.9 ±0.8 11.6 ±0.5
100% Light 21.4 ±0.8 16.9 ±0.5 13.9 ±0 .6 16.3 ±0.9 19.7 ± 1.7 22 ± 2.2 21.1 ±6.2 14.8 ±2.1 15.1 ±  1.4 13.2 ± 1.1
58% Light 20 ± 2 22.2 ±3.7 16.9 ± 1.4 16.7 ±1.8 20.1 ± 1.2 18.5 ±  1.8 18.4 ±4.2 17.6 ±3 .7 13.5 ±1 .9 13.2 ±0.7
Low OM x 100% Light 22.1 ±0 .5 17 ±0 .6 14.5 ± 0 .9 18.1 ± 1.2 23 ±1 .9 25.1 ±3 .7 34.8 ± 8 19 ± 1.8 18 ±0 .7 15.6 ±0.8
Low OM x 58% Light 20.7 ±  2.3 28.7 ±4.7 19.9 ±0 .8 20.1 ± 1.3 22.4 ± 0.7 21.5 ±0 .7 26.7 ± 23.9 ± 5 .2 17.5 ± 1.1 14.2 ±0.6
High OM x 100% Light 20.7 ±1.5 16.8 ±0.8 13.3 ± 0 .9 14.6 ±0.1 16.5 ±0.1 18.9 ±1.3 11.9 ± 1.6 10.6 ±0.9 12.2 ±0 .9 10.9 ±0.2
High OM x 58% Light 19.4 ±3.8 15.8 ±2.5 13.9 ± 0.1 13.3 ± 1.4 17.8 ± 1.2 15.4 ±2.5 14.2 ±0 .7 11.4 ± 1 9.5 ± 0.7 12.2 ± 1
Sheath length (cm) T
Low OM 13.2 ±0 .7 13.5 ±1.1 10.2 ± 1.1, 10.9 ± 0 .4 1J.9±0.4 13.8 ±0.3 13.1 ±0 .6 13.4 ±1 .2 8.9 ±0.5 8 ±0.5
High OM 11.9 ± 1.1 11.7 ± 0.9 7.3 ±0.3 8.5 ±0 .6 9.8 ±  0.4 10.3 ±0.5 7.4 ± 0.5 7.7 ± 0 .8 6.3 ±0.3 5.8 ±0.2
100% Light 11.6 ±0 .7 11.9 ± 0.8 7.9 ± 0 .5 9.1 ±0 .7 10.6 ±0 .6 11.9 ±0.8 10.4 ±1.1 9.1 ±1.1 7.6 ±0.6 6.6 ±0.5
58% Light 13.6 ± 1 13.3 ± 1.2 9.6 ± 1.3 10.4 ±0.7 11.1 ±0 .6 12.2 ±0.9 12.2 ± 2 11.9 ± 1.8 7.7 ±0.8 7.3 ±0.7
Low OM x 100% Light 12.3 ±0 .9 11.7 ±  0.1 8.4 ± 0.8 10.2 ±0.6 11.6 ±0.7 13.7 ±0 .4 12 ±0 .6 11 ±0.4 8.3 ±1 7.3 ±0.7
Low OM x 58% Light 14.1 ± 0 .8 15.4 ±1.4 12 ± 1.5 11.7 ± 0 .4 12.2 ±0 .4 14 ±0.5 14.2 ±0.5 15.7 ±  1.3 9.5 ±0.3 8.8 ±0.5
High OM x 100% Light 10.8 ±0.8 12.1 ±1.7 7.3 ±0.5 7.9 ± 0 .7 9.7 ±0.4 10.2 ±0.5 7.9 ±0.2 7.2 ±1.5 6.9 ±0.3 5.9 ±0.2























Sheath length (cm) L
Low OM 7 ±0.4 6.8 ± 0.8 5.3 ± 0.4 5.9 ±0.3 7.2 ± 0.5 7.4 ± 0.6 8.6 ± 2.5 6.7 ±0 .6 5.5 ±0.3 4.3 ±0.1
High OM 6.3 ± 0.5 6.4 ± 1.1 4.8 ± 0.2 4.6 ± 0.3 5.4 ± 0.2 5.6 ± 0.5 4.4 ± 0.5 3.7 ±0.2 3.7 ±0.3 3.3 ±0.1
100% Light 6.9 ±0.3 6.5 ±1 4.8 ±0.3 5.4 ±0.3 6.3 ± 0.7 7.2 ± 0.7 6.6 ± 2.3 5 ±0.6 4.8 ± 0 .2 3.8 ±0.3
58% Light 6.4 ± 0.6 6.7 ± 0 .9 5.3 ±0.3 5.2 ± 0 .6 6.3 ± 0 .4 5.7 ±0.5 6.4 ± 1 5.5 ±0 .9 4.3 ±0 .6 3.9 ±0.2
Low OM x 100% Light 7 ±0 .4 5.4 ± 0 .4 4.7 ±0.5 6 ±0 .4 7.5 ± 1.1 8.4 ±1 9.2 ±4.3 6.2 ±0 .6 5.4 ±0.1 4.3 ±0.2
Low OM x 58% Light 7 ±0.7 8.2 ± 1.1 5.9 ±0.4 5.8 ±0 .6 6.9 ± 0.4 6.4 ±0.1 7.4 ± . 7.2 ±  1 5.6 ± 0.6 4.3 ±0.1
High OM x 100% Light 6.7 ±0.5 7.6 ±1.9 4.9 ±0 .4 4.8 ±0.2 5.1 ±0 .2 6.1 ±0.5 4 ±0.1 3.8 ± 0 .2 4.3 ± 0 3.2 ±0.1
High OM x 58% Light 5.9 ±1 5.3 ±0 .8 4.7 ±0.1 4.3 ± 0 .9 5.7 ± 0.4 5.1 ±0 .8 5.4 ± . 3.7 ±0.3 3.1 ±0 .4 3.5 ±0.2
No. o f  leaves shoot'1 T
LowOM 4.8 ±0.2 4.2 ±0.3 4.8 ±0 .4 4.2 ± 0.4 5.1 ±0.3 4.7 ± 0.3 3.9 ±0.2 5 ±0.2 4.6 ±0.1 4.9 ±0.2
High OM 4.6 ±0.1 4.2 ±0.3 4.5 ±0.2 4.7 ±0.2 5.1 ±0.2 4.7 ± 0.4 4.3 ± 0.3 4.7 ± 0 .2 4.4 ±0.5 4.8 ±0.1
100% Light 4.6 ±0.2 4.7 ±0.2 4.9 ±0.3 4.6 ±0.4 5 ±0.3 5.1 ±0.2 4.2 ±0.3 4.9 ±0.2 4.7 ± 0.4 5.1 ±0.1
58% Light 4.7 ±0.1 3.7 ±0.2 4.4 ± 0 .2 4.2 ±0.3 5.2 ±0 .2 4.4 ±0.3 3.9 ±0.1 4.8 ± 0 .2 4.3 ±0.3 4.6 ±0.1
Low OM x 100% Light 4.8 ±0.4 4.7 ±0.3 5.2 ± 0 .7 4.4 ±0.8 5 ±0.5 4.8 ±0.3 4 ±0.3 4.9 ± 0.3 4.6 ±0.3 5.2 ±0.2
Low OM x 58% Light 4.8 ±0.1 3.8 ±0.1 4.3 ± 0.2 3.9 ±0.1 5.2 ±0.3 4.7 ±0.5 3.9 ±0.1 5.1 ±0 .2 4.7 ± 0 4.6 ±0.2
High O M x 100% Light 4.4 ± 0.2 4.7 ± 0 .4 4.6 ±0.1 4.8 ±0.3 5 ±0 .4 5.3 ±0.3 4.5 ±0.5 5 ±0.3 4.8 ±0.8 4.9 ±0.1
High OM x 58% Light 4.7 ±0.2 3.7 ±0.3 4.4 ± 0 .4 4.6 ±0.4 5.1 ±0 .2 4.1 ±0 .4 4 ± . 4.4 ±0.3 4 ± 0 .6 4.7 ±0.2
No. o f leaves shoot'1 L
LowOM 3.1 ±0.2 2.7 ±0.1 3.1 ±0.2 3.3 ±0 .2 3.4 ±0.2 3.4 ±0.3 3.3 ±0.3 3.5 ±0 .2 3.6 ±0.1 3.4 ±0.1
High OM 3.3 ±0.2 2.8 ±0.3 3.2 ±0.3 2.9 ± 0 .2 3.5 ±0.2 3.5 ±0 .2 3.2 ±0 .4 3.3 ±0.5 2.9 ± 0 .4 3.3 ±0.1
100% Light 3.4 ±0.1 3 ±0 .2 3.5 ± 0 .2 3.1 ±0.1 3.5 ±0.2 3.7 ±0.1 3.1 ±0.3 3.6 ±0.3 3.5 ±0.2 3.4 ± 0 .2
58% Light 3 ±0.1 2.5 ±0.2 2.8 ± 0 .2 3.1 ±0.3 3.4 ± 0.2 3.2 ± 0.3 3.5 ±0.5 3.2 ±0.4 3 ±0 .4 3.3 ±0.1
Low OM x 100% Light 3.4 ±0.1 3 ±0 .2 3.4 ± 0.2 3.2 ±0.1 3.8 ±0.2 3.8 ±0 .2 3 ± 0 3.7 ±0 .4 3.7 ± 0 .2 3.5 ±0.3
Low OM x 58% Light 2.9 ±0.2 2.5 ±0.1 2.9 ± 0 .2 3.3 ±0.3 3 ±0 .2 2.9 ±0 .4 4 ± . 3.3 ±0.3 3.5 ±0 .2 3.3 ±0.1
High OM x 100% Light .3.5 ±0.2 3 ±0.3 3.6 ±0.3 3 ±0.3 3.1 ±0.2 3.6 ± 0 .2 3.3 ±0.8 3.5 ±0.5 3.4 ±0.3 3.3 ±0 .2




Nannies Is., Southway, Falmouth West Is., N.Prudence Ninigret Duck Is., Shelter Is., Great S.
Dependent variables NH MA Har., MA MA Is., RI Pond, RI Ram Is., CT CT NY Bay, NY
Leaf width (mm) T 
LowOM 4.4 ± 0.2 4.9 ±0.1 4.5 ±0.1 4.1 ±0.2 5.4 ±0.1 5.4 ±0.1 3.7 ±0.1 5.5 ± 0 .6 5 ± 0.1 4.5 ±0 .2
High OM 3.9 ± 0.2 4.3 ± 0.2 3.9 ±0.2 3.6 ±0.3 5 ±0.2 4.7 ± 0.2 3.7 ± 0.6 4.9 ±0 .7 4.3 ±0.3 3.8 ±0 .2
100% Light 4.4 ± 0.2 4.7 ±0.2 4.3 ± 0.2 3.9 ±0.2 5.3 ±0 .2 5.2 ±0 .2 3.8 ±0.3 5.8 ±0 .7 5 ±0.2 4.5 ±0.3
58% Light 3.9 ± 0.2 4.5 ±0.2 4 ±0.2 3.8 ±0.3 5.1 ±0.2 4.9 ±0.2 3.5 ±0.3 4.6 ± 0.4 4.3 ±0.3 3.9 ± 0 .2
Low OM x 100% Light 4.6 ±0.3 5 ± 0 4.6 ± 0 .2 4.3 ±0.2 5.4 ± 0 .2 5.6 ±0.1 3.6 ±0.1 5.8 ± 1.2 5.1 ±0.1 4.9 ± 0 .3
Low OM x 58% Light 4.2 ±0.2 4.8 ±0 .2 4.5 ±0.1 3.8 ± 0 .2 5.4 ±0.1 5.2 ±0.1 3.7 ±0.3 5.3 ± 0.5 4.9 ± 0 4.1 ±0.1
High OM x 100% Light 4.2 ±0.1 4.4 ±0.2 4.1 ±0 .3 3.5 ±0.2 5.2 ±0.3 4.8 ±0 .2 4.1 ±0.8 5.9 ± 1.1 4.9 ±0 .5 4 ±0 .4
High O M x 58% Light 3.5 ±0.2 4.2 ±0.3 3.6 ±0 .2 3.7 ±0 .6 4.8 ± 0.3 4.6 ± 0.4 2.9 ± . 4 ±0.5 3.7 ± 0 .2 3.6 ±0 .2
Leaf width (mm) L 
Low OM 2.7 ±0.1 3 ±0.1 2.9 ±0.1 2.8 ±0.1 3.4 ±0.1 3.3 ±0.1 3.1 ±0.2 3.9 ±0 .6 3.3 ±0.1 2.7 ±0.2
High OM 2.5 ±0.1 2.8 ±0.1 2.6 ±0.1 2.4 ±0.1 3.2 ±0.1 3 ±0.2 2.5 ±0.1 3.4 ± 0.7 2.7 ±0 .2 2.3 ±0.2
100% Light 2.8 ±0.1 3 ±0.1 2.8 ±0.1 2.7 ±0.1 3.4 ±0.1 3.4 ±0.1 2.8 ±0.2 4.4 ± 0.6 3.2 ±0.1 2.7 ±0.3
58% Light 2.4 ±0.1 2.8 ±0.1 2.7 ±0.1 2.4 ±0.2 3.2 ±0.1 2.9 ±0.1 2.8 ±0.4 2.9 ±0.5 2.8 ±0 .2 2.3 ±0.1
Low OM x 100% Light 2.9 ±0.1 3 ±0.1 3 ±0.1 2.9 ±0.1 3.6 ±0.1 3.6 ± 0 3.1 ±0.3 4.3 ±0 .9 3.4 ± 0 3.1 ±0.3
u> Low OM x 58% Light 2.6 ±0.1 3 ±0.2 2.9 ±0.1 2.6 ±0 .2 3.2 ± 0.2 3.1 ±0.1 3.2 ± . 3.4 ± 0.9 3.1 ±0.1 2.4 ±0.1
High OM x 100% Light 2.7 ±0.1 3 ±0.1 2.6 ± 0 .2 2.5 ±0.1 3.2 ±0 .2 3.3 ±0.1 2.6 ±0.1 4.5 ±1.1 2.9 ±0.1 2.2 ±0.3
High OM x 58% Light 2.3 ±0.1 2.6 ±0.1 2.5 ±0.1 2.1 ± 0 3.1 ±0.2 2.7 ± 0.2 2.4 ± . 2.3 ±0.1 2.4 ± 0.2 2.3 ±0.2
Leaf area (cm2 shoot'1) T 
Low OM 109.9 ± 12.8 96.1 ± 4 74.8 ±4 .5 76.4 ± 10 125.7 ±10.2  125.9 ±5.6 72.5 ± 7.4 129.8 ± 18.3 76.4 ± 4 .4 68.2 ±6.1
High OM 76 ± 2 .7 63.9 ± 8.4 40 ± 5.2 48.9 ± 6 .7 87.5 ± 5.4 80.7 ±  12.3 29.4 ±4 .8 62.2 ± 11.2 42.8 ± 8.4 41.8 ±4 .2
100% Light 91.2 ±7.9 81.7 ± 8 .6 53.9 ±7.5 64.8 ±12.1 104.4 ±10.9  107.8 ± 11.3 57 ±8.7 93.6 ±16.6 63.1 ±7 .2 57 ±8 .6
58% Light 94.7 ± 14.9 78.3 ± 10.7 61 ±10.3 60.5 ± 8.5 108.8 ± 12.6 98.9 ± 15.9 66.4 ±  16.8 98.4 ±25.3 56 ± 12 53 ± 7
Low OM x 100% Light 103.4 ±  12.8 94.4 ± 7 .4 68 ± 5 80 ±21.3 116.4 ± 18.6 127.1 ±4.7 64.5 ± 5.9 113.2 ±25.2  71 ± 7 69.4 ± 12.7
Low OM x 58% Light 116.4 ±24.6  97.8 ±4.9 81.7 ±5.3 72.7 ±5 .9 134.9 ±9 .2 124.8 ±11.6 80.4 ±13.2 146.4 ±27.5 81.8 ±4.3 66.9 ±4 .8
High OM x 100% Light 79 ± 1.2 69.1 ± 12.7 39.8 ±7.5 49.6 ±6 .9 92.4 ±10.1 88.5 ±15.7 34.3 ± 73.9 ± 19 55.3 ±12.3 44.5 ± 7.5
























Leaf area (cm2 shoot '1) L
LowOM 23.7 ± 2 22.2 ± 3.4 17.4 ±1.1 17.7 ±0.7 29.6 ±3.1 29.3 ± 5 32.7 ±6.3 35.9 ±9 .7 22 ± 1.2 16.3 ±  1.9
High OM 20.2 ± 2.5 15.1 ±2 .8 12.2 ± 1.7 10.6 ± 1.4 21.9 ±  1.8 21.2 ± 3 11.5 ±3.3 14.8 ± 5 9.9 ±2.5 9.7 ± 1.3
100% Light 25.5 ±0.9 17.8 ± 1.6 15.2 ± 1.4 14.8 ±1 .6 27.3 ± 3 .8 31.5 ±4.3 22.4 ±7 .8 27.4 ±4 .6 18.8 ± 2 .6 14.2 ±2 .7
58% Light 18.4 ±2 .4 19.5 ± 4 .6 14.3 ±2.2 14.1 ±2 .5 24.2 ± 1 .7 19 ± 2 .6 21.5 ±10.8 23.3 ±11.9 13.2 ±3 .5 U .8 ±  1.3
Low OM x 100% Light 26.5 ±1.5 17.8 ±0 .7 16.7 ±1 .4 17.9 ±0 .7 35.1 ±3.1 37.6 ± 7 32.8 ±  10.8 32.9 ± 2 23.7 ±1.7 19.6 ±2 .6
Low OM x 58% Light 20.8 ± 3.2 26.7 ±6.1 18.1 ± 1.8 17.6 ± 1.5 24 ±2.5 21 ± 3 32.4 ±0.3 38.9 ±21.5 20.3 ± 1.2 12.9 ±0.8
High OM x 100% Light 24.4 ± 0.9 17.9 ±3 .6 13.8 ±2.5 11.8 ±  1.5 19.4 ±1 .3 25.4 ± 2 .6 11.9 ±5 .7 21.9 ±8.5 13.9 ±2.7 8.7 ± 0.8
High OM x 58% Light 
Leaf mass (mg cm '2) T
15.9 ± 3 .4 12.3 ±4 .3 10.5 ±2.3 8.8 ± 2 .9 24.5 ±2.8 17 ± 4 .6 10.7 ± 7.6 ±1 .2 6± 3 .1 10.6 ±2.5
LowOM 2.6 ±0.1 3.6 ±0.2 3.6 ±0.1 4.2 ± 0.2 3.3 ±0.1 3.5 ±0.1 5.7 ±0.1 3.3 ±0.2 4 ±0.1 2.8 ±0.1
High OM 2.2 ±0.1 3.3 ±0.1 3.4 ±0.1 3.4 ± 0.3 3.2 ±0.1 3,2 ±0.1 4.8 ±0.3 2.9 ±0.5 4.1 ±0 .2 2.8 ±0.1
100% Light 2.3 ±0.1 3.3 ±0.1 3.5 ±0.1 3.9 ±0.2 3.3 ±0.1 3.3 ±0.1 5.5 ±0.3 2.7 ±0 .4 4 ± 0.1 2.7 ± 0
58% Light 2.5 ±0 .2 3.6 ±0.2 3.5 ±0.1 3.7 ±0.3 3.2 ±0.1 3.3 ±0.1 5.4 ±0.1 3.6 ±0 .2 4 ±0.2 2.9 ±0.1
Low OM x 100% Light 2.4 ±0.1 3.5 ±0.1 3.7 ±0.1 4.1 ±0 .4 3.4 ±0.3 3.5 ±0.1 . 5.8 ±0.1 3.3 ±0.5 3.9 ±0.1 2.7 ±0.1
Low OM x 58% Light 2.9 ±0.1 3.8 ±0.3 3.5 ±0.1 4.3 ± 0.2 3.3 ± 0.2 3.4 ±0.1 5.5 ±0.1 3.4 ±0 .2 4 ±0.2 2.9 ±0.1
High OM x 100% Light 2.2 ±0.2 3.2 ±0.1 3.4 ±0.1 3.6 ±0.2 3.3 ±0.1 3.1 ±0.1 4.5 ± 2 ±0.5 4.1 ±0 .2 2.6 ±0.1
High OM x 58% Light 2.1 ±0.1 3.4 ±0.1 3.4 ± 0 .2 3.2 ±0.5 3.1 ±0.1 3.3 ±0.1 5.1 ± 3.8 ±0 .2 4 ±0.4 2.9 ±0.1
Leaf mass (mg cm'2) L
LowOM 2.2 ±0.1 3 ±0.2 2.9 ±0.1 3.3 ±0.1 2.5 ±0 .2 2.7 ±0.1 5 ± 0 .4 2.6 ± 0 .3 3.4 ±0.1 2.4 ± 0 .1
High OM 1.8 ±  0.1 2.9 ±0.1 2.8 ±0.1 3 ±0.1 2.6 ±0.1 2.6 ±0.1 3.5 ±0.1 2.6 ± 0.4 3.3 ±0.2 2.4 ± 0
100% Light 1.9 ±0.1 2.8 ±0.1 2.8 ±0.1 3.2 ±0.1 2.5 ±0.1 2.7 ±0.1 4.4 ±0 .6 2.2 ±0 .4 3.3 ±0.1 2.4 ±0.1
58% Light 2 ±0.1 3.1 ±0.2 2.9 ±0.1 3.3 ±0.1 2.6 ±0.1 2.6 ±0.1 4 ±0 .5 3.1 ±0 .2 3.4 ±0 .2 2.5 ± 0
Low OM x 100% Light 2.1 ± 0 2.9 ± 0.2 2.9 ±0.1 3.3 ±0.1 2.5 ± 0.3 2.8 ±0.1 5.3 ±0 .6 2.6 ± 0.5 3.3 ±0.1 2.3 ± 0.2
Low OM x 58% Light 2.3 ±0.1 3.1 ±0.4 2.9 ±0.1 3.4 ±0.1 2.5 ±0.2 2.6 ±0.1 4.5 ± 1 2.7 ±0.3 3.5 ±0 .2 2.5 ±0.1
High O M x 100% Light 1.8 ±0.1 2.7 ±0.1 2.7 ±0.1 3 ±0.1 2.5 ±0.1 2.5 ±0.1 3.5 ±0.1 1.8 ±0.5 3.3 ±0.1 2.4 ± 0





















Rhizome elongation rate (mm day'1)
Low OM 6.5 ± 0 .7 2.2 ±0.1 1.9 ± 0 .2 1.5 ±0.1 3.5 ± 0 .4 2.9 ±0.3 0.9 ± 0 2 ±0.2 2 ±0.2 3.2 ±0.2
High OM 3.9 ± 0 .6 1.5 ±0.4 1.2 ± 0 .2 1 ±0.1 3.1 ±0 .4 1.5 ±0.1 0.8 ± 0 1.2 ±0 .2 1 ±0.1 1.8 ±0.1
100% Light 5.9 ±0.8 2.2 ± 0.3 1.8 ± 0 .2 1.4 ±0 .2 3.8 ±0.3 2.5 ±0 .4 0.9 ±0.1 1.8 ± 0 .3 1.8 ±0.2 2.7 ±0 .4
58% Light 4.5 ± 0 .8 1.6 ±0.3 1.4 ± 0 .2 1.1 ±0.1 2.8 ± 0 .2 1.9 ±0.3 0.8 ± 0 1.4 ±0 .2 1.2 ±0.3 2.3 ±0.3
Low OM x 100% Light 7 ±1 .4 2.3 ±0.3 2.2 ±0.1 1.7 ±0 .3 4 ± 0.6 3.4 ±0.3 1 ± 0 2.2 ±0 .2 2.3 ±0 .2 3.6 ±0.2
Low OM x 58% Light 6 ±  0 2.2 ±0.1 1.7 ± 0 .2 1.4 ±0.1 3 ±0.2 2.4 ±0.3 0.8 ±0.1 1.8 ±0.3 1.8 ± 0.2 2.9 ± 0.1
High OM x 100% Light 4.8 ± 0.4 2.1 ±0.7 1.4 ±0.3 1.2 ±0.2 3.7 ± 0.4 1.7 ±0 .2 0.8 ± 1.4 ± 0.3 1.3 ±0.1 1.9 ± 0.1
High O M x 58% Light 2.9 ± 0 .8 1 ±0.1 1.1 ±0.1 0.9 ±0.1 2.5 ±0 .4 1.3 ±0.2 0.8 ± 1 ±0.1 0.7 ±0.1 1.7 ± 0.1
No. rhizome nodes (ramet'1)
Low OM 38.5 ± 3.2 22.3 ±1.1 16.9 ± 0 .9 13.5 ±0.7 25.7 ± 2 .4 21.7 ± 1.2 8.7 ± 0 .2 14.7 ± 1.6 17.1 ± 1.3 26.7 ± 1.8
High OM 35.2 ±5 .2 17.6 ± 2 15.3 ± 3 11.3 ±  1.2 24.9 ±2.1 14.7 ± 1.2 12 ± 4 .6 12.8 ± 1 10.9 ± 0 .9 19.9 ±1.1
100% Light 41.7 ± 3.2 22.4 ± 1.6 18.3 ±2.5 13.6 ±0.9 27.9 ±  1.7 19.7 ± 1.8 . 11.4 ±2 .4 15.6 ± 1 15.6 ± 1.6 24.3 ±2.1
58% Light 32.1 ±4 .4 17.5 ±1.5 13.9 ±  1.4 11.2 ± 1 22.7 ±2.1 16.7 ±1 .9 7.8 ±0.7 12 ± 1.3 12.4 ± 1.7 22.3 ± 2
Low OM x 100% Light 39.4 ±6.3 24.1 ± 1.6 17.4 ±0 .9 14.3 ±  1.2 28.6 ± 2.7 23 ±1 .5 8.9 ±0.1 16.7 ± 1.5 18.3 ±2.3 28.9 ±0.1
Low OM x 58% Light 37.6 ±3.3 20.6 ±0 .9 16.3 ± 1.6 12.7 ±0.8 22.8 ± 3 .5 20.4 ± 1 .9 8.4 ± 12.8 ±2 .6 15.9 ±1 .2 24.6 ±3.3
High OM x 100% Light 43.9 ± 2.8 20.8 ±2 .9 19.1 ±5.5 12.9 ± 1.6 27.2 ± 2.7 16.4 ± 1.6 15.2 ±5.8 14.4 ± 1.3 12.9 ± 0 .6 19.8 ± 1.1
High OM x 58% Light 26.6 ±7.3 14.4 ± 0 .9 11.4 ± 0.7 9.7 ± 1.5 22.6 ±3.1 13 ±1.2 5.7 ± 11.2 ± 1.1 8.9 ±0.5 20 ±2.2
Intcmode length (mm)
LowOM 21.1 ±1 .9 14.9 ±  1.1 15.4 ± 1.6 13.5 ± I 18.6 ±  1.4 18.7 ±1.5 9 ±0.5 17.4 ± 1.2 13.8 ±0 .7 18.5 ± 1.3
High OM 14.3 ± 1.4 9.9 ± 1.2 8.3 ±0.5 8.9 ±0.8 16.2 ±1 11.1 ± 1.1 10.3 ±1 .7 10.6 ± 1.6 7.9 ± 0.7 12.3 ± 1.5
100% Light 19 ±2.5 13.7 ±1 .4 13.2 ±2.2 11.9 ± 1.5 19.5 ±  1.1 17.2 ± 2 10.2 ± 0 .9 15.4 ±1.8 12.2 ±1.3 17.9± 1.5
58% Light 16.4 ±1 .9 11.1 ±  1.6 10.5 ± 1 .5 10.6 ±1.1 15.4 ±0.8 12.6 ± 1.7 8.5 ± 0.8 12.6 ±2.1 9.4 ± 1.4 12.9 ± 1.8
Low OM x 100% Light 22.8 ±3 .7 15.7 ± 1.6 17.6 ± 2 14.2 ±2.1 20.5 ±  2.3 21.3 ± 1.6 9.2 ± 0.7 18 ± 1.5 15.1 ±0 .5 20.8 ± 1.1
Low OM x 58% Light 19.4 ±1.1 14.1 ±1 .9 13.3 ±1 .9 12.9 ±0.3 16.7 ±1 .2 16± 1 8.9 ± 16.7 ±2.2 12.4 ±0 .5 16.3 ±1.3
High OM x 100% Light 15.1 ±  1.1 11.8 ± 1.8 8.8 ± 0 .6 9.7 ±1 .3 18.4 ±0.2 13.1 ±0 .4 11.8 ± 1.4 12.7 ±2.7 9.4 ± 0 .2 15 ± l.l




Nannies Is., Southway, Falmouth West Is., N.Prudence Ninigret Duck Is., Shelter Is., Great S.
Dependent variables NH MA Har., MA MA Is., RI Pond, RI Ram Is., CT CT NY Bay, NY
AF (% o f incident PPF absorbed by leaf)
Low OM 70.3 ±2.3 74 ±2.1 81 ±1 .8 77.1 ± 1.6 78.3 ±0 .9 73.6 ± 2.7 77.4 ± 77.9 ±1.5 78.8 ± 1.7 75.4 ± 2.2
High OM 72.3 ± 1.6 78.9 ±1.3 83.1 ± 1.2 81.2 ± 1.4 78.2 ± 2 77.4 ± 0.5 82.1 ± 78.4 ± 1.7 82.2 ± 1.2 75 ± 2.6
100% Light 71.6±2.5 74.6 ± 2 80.6 ±1.6 79.8 ±1.7 77.8 ± 1.8 75.1 ±2.8 79.9 ± 77.6 ± 1.4 80.5 ± 1.7 76 ± 1.6
58% Light 70.9 ±1.3 78.3 ± 1.8 83.5 ±1.3 78.5 ± 1.7 78.7 ± 1.3 75.8 ± 1 77.9 ± 78.8 ± 1.8 80.5 ± 1.6 74.4 ±  3
Low OM x 100% Light 69.3 ±4.4 71.2 ±2.8 78.5 ±2.5 77.3 ±2 .6 77.7 ±0.5 72.1 ±5 .4 78.8 ± 75.3 ±1.8 78.4 ±3.1 76 ±3.2
Low OM x 58% Light 71.2 ±2.3 76.7 ± 2.7 83.5 ± 1.8 76.9 ±2.3 78.8 ± 1.9 75.1 ± 1.9 76.1 ± 80.6 ± 1.1 79.1 ±2.1 74.8 ± 3.8
High OM x 100% Light 73.8 ±2.6 78.1 ± 1 82.7 ±1.2 82.3 ±1.1 77.8 ± 3 .9 78.1 ±0.5 81.4 ± 79.9 ±0.9 82.6 ±1.2 76.1 ± 1.7
High OM x 58% Light 70.7 ±1.7 79.8 ± 2.6 83.4 ± 2.4 80.1 ±2.7 78.5 ±2 .2 76.6 ± 0.7 83.3 ± 77 ± 3.3 81.8 ±2.5 74 ± 5.4
ETR (pmol electrons m'2 s '1)
Low OM 103.9 ±11.3 102.3 ±7 .4 122.8 ±7 .6 105.9 ± 7 .6 107.9 ±8 .6 100.6 ± 17 83.7 ±0.015 113 ±8.2 98.4 ±21.1 113.6 ±  15.2
High OM 92.3 ± 13.7 83.4 ±13.2 107.2 ± 12.4 89.5 ± 15.8 94.9 ± 17.9 80.5 ±19.3 108 ±0.008 80.2 ±19.5 112.2 ±11.9 99.2 ±16.5
100% Light 107 ± 14 106.4 ± 10.7 125.1 ± 12.3 107.4 ±13.4  106.3 ±17.1 101.9 ± 22.7 108 .6± 0 .01 '107.6 ±18.3 117.7 ±21.3 126.1 ±15.7
58% Light 89.2 ± 10.1 79.3 ±8.8 104.9 ±6.5 87.9 ± 10.8 96.6 ± 10.4 79.2 ± 11.6 70.8 ±  0.021 85.6 ± 13 92.9 ±9.5 86.7 ± 11.2
x Low OM x 100% Light 104.2 ± 2 0 110.9 ±5.8 135.4 ±5.8 102.9 ± 12.7 114.3 ± 10.6 106.9 ±34 96.5 ± 0.029 116.2 ± 14 110.7 ±44.3 135.9 ±20.6
£  Low OM x 58% Light 103.7 ± 15.5 93.6 ±  12.8 110.3 ±9.7 108.8 ±10.9  101.6 ± 14.9 94.2 ± 16 70.9 ±0.014 109.8 ± 11.3 86 ±10.3 91.3 ± 15.6
High OM x 100% Light 109.8 ±23.9  101.9 ±22.8 114.9 ± 24.9 111.9 ±  26.9 98.3 ± 36 96.9 ±37.4 126.7 ±0.01 99 ±37.6 124.7 ± 15.9 116.3 ±26.7
High OM x 58% Light 74.8 ± 7.9 64.9 ± 3 .7 99.5 ±9.5 67 ± 5.4 91.5 ± 17.1 64.1 ± 14 70.5 ± 61.4 ± 11.4 99.8 ± 17.2 82.1 ± 19
Resilience score
Overall 4.3 ± I 0.3 ± 0.9 -2.2 ± 1 -3.7 ± 0.9 3.6 ±0.7 -0.2 ± 1 -3 ±0.8 -1.8 ± 1 2.7 ± 0.7
LowOM 7 ±0 .6 2.7 ±0.5 0.8 ±0.5 -1 ± 0.6 4.8 ± 1 2.5 ± 0.9 -0.7 ± 0 .6 1 ±0.7 4.8 ± 0.6
High OM 1.6± 1.3 -2 ±1.1 -5.1 ±0 .7 -6.4 ±0.8 2.5 ±0.8 -2.9 ±0.6 -5.4 ± 0 .4 4 .6  ±1 0.5 ± 0.5
100% Light 5.7 ± 0 .8 1.7 ±1 -1.4 ±  1.3 -2.7 ±  1.2 5.2 ± 1 1.2± 1.4 -3 ± 0.9 -0.1 ± 1.2 3.6 ± 1.1
58% Light 2.9 ± 1.8 -1 ± 1.4 -3 ± 1.5 -4.7 ±  1.4 2.1 ±0.5 -1.5 ± 1.1 -3 ±  1.4 -3.4 ± 1.5 1.7 ± 1
Low OM x 100% Light 7.1 ±0 .9 3.5 ±0.5 1.1 ±0 .9 -0.2 ± 0.7 6.5 ± 1.5 4.3 ±0 .6 -1.2 ± 0 .6 2.2 ± 1.1 5.8 ±0.7
Low OM x 58% Light 6.8 ±0 .9 1.8 ±0.4 0.4 ±0.7 -1.8 ± 0 .8 3.1 ±0.2 0.8 ±0.7 -0.1 ± 1 -0.2 ±0 .2 3.7 ±0 .4
High O M x 100% Light 4.2 ±0.3 0 ±  1.2 -3.9 ± 1 -5.2 ± 1.1 3.9±  1.1 -2 ±0.5 -4.9 ± 0.4 -2.5 ± 0.5 1.4 ±0 .6
High OM x 58% Light -1 ±0 .9 -3.9 ±1.1 -6.3 ±0.3 -7.7 ± 0.4 1.1 ±0.5 -3.8 ± 0.9 -6 ±0 .7 -6.7 ± 0 .9 -0.4 ± 0.4
APPENDIX C
Results of least squared regression analyses of the relationships of eelgrass response (dependent variables) and source site 
environmental conditions, initial eelgrass ramet morphology, and source site genetic diversity (independent variables). Only 
significant correlations were included in the table. r2, slope (m) and y intercept (b), and p values are included. Significant determined 





LowOM x 100% Light
Source site cite Environmental conditions m 6 P r 1 m b P r in b P r m b P
% sediment OM SPR weeks 1-5 0.21 0.13 0.02 0.0005 NA 0.19 0.05 •0.16 0.031 NA
% sediment OM Rhizome clong. 0.15 1.5 16.37 0.0435 0.29 0.9 1.93 0.0031 0.18 3.21 15.97 0.0272
%  sediment OM Resilience 0.22 1.16 0.02 0.0139
%  fine grain sediment Ramet survival 0.17 2 43.87 0.0472
%  fine grain sediment Shoot density 0 J 6 6.14 S4.01 0.0018 0.4 6.13 3333 0.0009 0.32 5.16 22.67 0.0038 0.3 3.64 10.87 0.0059
% fine grain sediment Ramet weight 0.29 0.06 0.84 ' 0.0061 0.3 0.05 0.62 0.0056
% fine grain sediment Rhizome clong. 0.94 034 M 6 <0.0001 035 0.27 1.22 <0.0001 0.29 0.18 1.27 0.0064 034 0.13 0.79 0.0029
% fine grain sediment Resilience 0.41 0.46 130 0.0008 0.46 0.47 -0.67 0.0003 0.27 0.47 -3.01 0.0098 0.3 0.45 -5.99 0.006
Leaf tissue C:N Romcl survival 0.16 -1.52 73.G4 0.0419
Initial eelgrass ramet morphology
Sheath length Ramet survival 0.16 *0.21 107.75 0.0336 0.16 •0.26 79.42 0.0382
Sheath length SPR weeks 5*9 0.28 •0.08 1.62 0.0045 0.15 -0.05 U l 0.0488
Sheath length No. o f shoots ramet*1 0.16 -0.45 11.39 0.0366
Ramet weight SPR weeks 5-9 0.17 *2.82 1.42 0.0302
Above-ground (AO) weight SPR weeks 5*9 0.24 •4.08 1.52 0.0104 0.15 -2.95 1.2 0.0452
Below-ground (8G ) weight SPR weeks 1*5 0.14 7.04 41.09 0.0046 NA NA
AGtOG Ramet survival 0.19 -3.46 0.0241 0.19, •531 78.59 0.0231
AGUG Shoot density 0.23 -13.43 144.25 0.0113 0.23 -12.21 119.72 0.0123 0.19 -10.56 96.7 0.0001 0.17 •6.88. 60.38 0.0413
AG:BG SPR weeks 1-5 0.19 •0.09 0.62 0.0009 NA NA
AG:BG SPR weeks 5*9 0.21 -0.14 1.43 0.0156 0.21 •0.12 1.24 0.0167 0.2 •0.09 0.67 0.0178 0.16 -0.09 0.57 0.0394
AG:BG No. of shoots ramet'1 0.25 *1.09 11.88 0.0079 0.26 •1.26 12.35 0.0067 0.17 -0.74 7.94 0.0342
AG:BG Resilience 0.15 0.81 7.02 0.049 0.25 1.21 4.71 0.0087
Number o f leave shoot'* Ramet survival 0.27 20.82 0.13 0.006
Number o f leave shoot'1 Ramet weight 0.29 0.61 -1.38 0.0038 0.18 0.51 -1.51 0.0251
Number o f leave shoot'* Resilience 0.20 3.86 •12.72 0.0182
Leaf width Ramet survival 0.21 13.77 -10.23 0.0169 0.29 18.87 47.41 0.0034
Leaf width SPR weeks I-5 (M0 0-50 •1.19 <04)001 NA 0.18 0.11 ■039 0.0014 NA
Leaf width SPR weeks 5-9 0.41 0.29 -1.06 0.0003 0.26 0.27 • I.0R 0.007
Leaf width Shoot density 0.18 28.06 -47.21 0.029 0.16 24.82 -51.22 0.0363 0.46 38.98 •131.73 <0.0001 0.16 17.97 -54.11 0.024
Leaf width No. o f shoots ramet'* 0.19 1.94 -3.59 0.0229 0.29 3.19 -8.18 0.0036
Leaf width Ramet weight 0.46 0.45 -0.93 <0.0001 0.62 0.47 -1.24 <0.0001 0.52 0.5 1.7 <0.0001 0.21 0.2 -0.62 0.0172
Leaf width Rhizome clong. 031 2.02 -6.07 <0.0001 037 1.68 •5.09 <0.0001 0.64 1.67 -5.47 <0.0001 0.43 0.92 *2.74 <0.0001




variable (x) (y) Low OM x 100% Light__________________________Low OM x 58% Light_________________________ High OM x 100% Light High OM x  5854 Light
Source population genetic diversity
A Ramet survival 0.21 12.53 38.08 0.0263 0.17 14.7 -2.29 0.0486
A SPR weeks 1-5 0.31 0.31 ■0.94 <0.0001 NA 0.15 0.12 •0.53 0.0074 NA
A Shoot density O.IS 34.06 •44.84 0.0363 0.18 30.76 •50.78 0.0382
A No. o f  shoots ramet'1 0.24 2.61 •4.46 0.0153
A Rhizome clong. 0.21 1.55 *2.65 0.0245 0 J 1.45 •2.85 0.0058
A Resilience 0.24 2.48 *7.57 0.0149
/IG A I2 Ramet survival 0.22 6.28 68.36 0.0206 0.29 12.31 22.33 0.006
4G A I2 SPR weeks 1-5 0.38 0.22 -0.31 <0.0001 NA 0.28 0.1 -0.35 0.0001 NA
<4GAI2 SPR weeks 3-9 0.48 037 •0.10 0.0002 035 035 -0.16 < 0.0001 0.45 0.23 -0.29 0.0003 0.39 0.25 •0.45 0.0012
WGAI2 Shoot density 0.52 35.81 •5.85 <0.0001 0.S7 3437 -203 <0.000! 0.32 23.97 •11.84 0.0043 0.3 17.01 •13.83 0.0053
WGAI2 No. o f shoots ramet'1 0.37 2.37 0.99 0.0015 0.57 I S l -0.93 <0.0001 0.3 2.38 0.73 0.006 0.39 2.01 •0.54 0.0012
A  GAI2 Rhizome clong. 0.37 1.28 •0.02 0.0017 0.44 1.1 •0.13 0.0004 0.17 0.64 0.63 0.0449 0.18 0.44 0.4 0.041
A G  M 2 Resilience 0.35 2.21 -2.39 0.0022 0.S4 2 J2 -4.01 <0.0001 0.31 2.41 •6.83 0.005 0.24 1.84 •8.42 0.0156
A GA2 Shoot density 0.2 -19.07 I80.S7 0.0304 0.17 ♦16.25 147.83 0.0445 0.27 •13.97 99.88 0.0092
A  GA20 SPR weeks 1-5 0.29 0.23 -0.74 <00001 NA 0.21 0.08 -0.42 0.0238 NA
A GA20 Rhizome elong. 0.27 1.36 -2.51 0.0092 0.35 1.22 -2.5 0.0022
ACA17D Ramet survival 0.23 6.21 64.04 0.018
A GAI7D SPR weeks 5-9 0.16 0.16 0.26 0.0494 0.2 0.16 0.16 0.0291
A GA19 Ramet survival 0.2 15.63 22.74 0.028
A GA19 SPR weeks 1-5 0.14 0.20 -0.17 0.0083 NA NA
A GAI6 Ramet survival 0.19 3.66 70.71 0.0358 0.31 6.16 28.72 0.005
>tGAI6 SPR weeks 5-9 0.3 0.14 0.25 0.0057 0.18 0.1 0.32 0.0417
A GA2 SPR weeks 5-9 0.4 -0.29 2J8 0.001 0.31 -0.23 1.85 0.0049 0.23 •0.14 1 0.018 0.32 -0.19 1.14 0.0042
A GA2 No. of shoots ramet'* 0.33 -1.92 16.69 0.0036 0.25 -1.89 16.28 0.0135 0.22 -1.31 11.16 0.0216
A GA2 Resilience 0.25 -1.62 11.39 0.0129 0.21 •1.72 7.93 0.0256 0.29 • 1.76 5.17 0.0069







Jy)________ LowOM x 100% Light Low OM x 58% Light High OM x 100% Light High OM x  58% Light
Source population generic diversity
VO
H, Ramet survival 0.32 107.33 10.57 0.0022
H. SPR weeks 1*5 OJI 1.70 •0.46 <0.0001 NA 0.16 0.64 •0.35 0.0032 NA
H. SPR weeks 5-9 0.24 2.20 -0.07 0.0088 0.21 1.85 •0.05 0.0153 0.27 1.5 -0.32 0.0054 0.2 1.53 •0.45 0.0175
H. Shoot density 0.25 211.19 -1.77 0.0077 0.26 198.93 -15.74 0.0061 0.21 167.38 -19.24 0.0152
H. No. of shoots ramet'1 0.17 13.63 1.38 0.0321 0.27 14.71 •0.48 0.005 0.16 10.99 0.02 0.0397
H. Rhizome clong. 0.26 9.13 -0.40 0.0064 0.32 8.04 •0.57 0.0019 0.27 1.5 •0.32 0.0054 0.2 1.53 ■0.45 0.0175
H* Resilience 0.21 14.52 •2.45 0.0163 0.3 14.75 •4.16 0.0032 0.21 16.67 -7.52 0.0176
Ho GAI2 Ramet survival 0.16 41.04 44 J  2 0.0386
Ho GAI2 SPR weeks 5-9 0.29 1.28 0.53 0.0041 0.22 1.03 0.46 0.0121 0.17 0.64 0.14 0.0326 0.26 0.92 •0.03 0.007
Ho GAI2 Shoot density 0.16 89.75 62.83 0.041 0.2 93.08 43.39 0.0195 0.22 65.64 14.73 0.0144
Ho GAI2 No. o f shoots ranter1 0.16 7.20 5.27 0.0359 0.17 6.2 4.03 0.0334 0.22 6.95 2.93 0.0138
H.GA20 SPR weeks 1-5 0.2 1.05 *0.26 0.0006 NA 0.19 0.37 0.29 0.0283 NA
H.GA20 Rhizome clong. 0.26 6.95 0.11 0.0064 0.28 5.64 0.1 0.0048
H.GA17D Ramet survival 0.42 72.10 60.81 0.0003
H. GAI9 Ramet survival 0.29 30.83 39.53 0.0041
H.GA19 SPR weeks 1-5 0.1 0.36 0.08 0.0218 NA 0.07 0.17 0.15 0.0484 NA
H. GA19 SPR weeks 5-9 0.31 0.95 0.47 0.0025 0.22 0.72 0.43 0.0138 0.19 0.47 0.11 0.0245 0.19 0.55 -0.03 0.0245
H.GA19 Shoot density 0.18 67.37 58.26 0.0295 0.18 62.09 41.26 0.0219
H. GA19 No. o f shoots ramet ’1 0.15 4.90 5.07 0.0448 0.19 4.69 3.7 0.0222
H. GA19 Resilience 0.15 4 0.29 0.0472
H.GA16 Ramet survival 0.26 38.87 67 J 1 0.007
H. GA16 SPR weeks 1-5 0.09 0.46 -0.02 0.0306 NA NA
H. GAI6 SPR weeks 5*9 0.18 0.96 0.32 0.0292 0.15 0.58 •0.01 0.0437 0.15 0.66 •0.17 0.0496
H. GA16 No. o f  shoots ramet'' 0.15 6.5f 3.56 0.047 0.15 7.49 2.77 0.0427
H .G A I6 Resilience 0.25 • 8.15 -0.73 0.0076 0.18 8.05 -4.9 0.0261
Ho GA2 SPR weeks 5*9 0.28 -1.27 1.42 0.0084 0.19 -0.94 1.15 0.0327 0.17 -59.11 56.71 0.0441
Ho GA2 Shoot density 0.17 •59.11 56.71 0.0441
Ho GA2 No. of shoots ramcl'1 0.22 -8.46 10.92 0.0195
H. GA23 Ramet survival 0.27 50.24 6128 0.0098 0.45 86.09 12.12 0.0003
H.GA23 SPR weeks 1*5 0.3? 1.20 -0.34 <0.000! NA 0.19 0.46 4)31 0.0022 NA
H.GA23 SPR weeks 5-9 0.19 1.28 0.20 0.0351 0.42 1.24 -0J1 0.0007 0.29 2 -0.41 0.0065
H. GA23 Shoot density 0.29 150.46 11.69 0.0065 0.24 125.57 5.16 0.0142 0.31 133.9 -15.78 0.0046 0.22 76.55 •7.9 0.0222
H. GA23 No. of shoots ramet '* 0.21 10.08 2.09 0.0228 0.29 10.06 0.55 0.0069 0.19 10.37 1.7 0.0399 0.2 8.09 0.62 0.0296
H. GA23 Ramet weight 0.28 1.27 0 J 0.0085
H. GA23 Rhizome dong. 0.28 6.30 0.17 0.0078 0.37 S.68 •0.09 0.0017 0.21 4.04 0.31 0.0226






(y> LowOM x 100K Light Low OM x 58% Light High OM x 100% Light High OM x 58% Light
Source population genetic diversity 
F* Ramet survival 0.16 -50.07 94.67 0.0373 0.17 •81.11 72.36 0.0328
Ffc
Fj,
SPR weeks 1*5 
SPR weeks 5*9









Fb Shoot density 0.24 -212.71 132.76 0.0098 0.27 -207.53 112.72 0.0056 0.27 -196.35 93.65 0.0055
F- No. o f shoots ramet'1 0.2 -13.03 8.45 0.0189 0.2 •17.07 10.57 0.0207 0.18 •11.98 7.25 0.0293
Pm Ramet weight 0.19 -1.71 1.32 0.0219
Fj, Rhizome clong. 0.22 -8.72 5.29 0.0129 0.36 -8.71 4.7 0.001 0.31 -7.53 4 0.0028 0.18 •3.88 2.41 0.0278
Fi. Resilience 034 -16.33 5.59 0.0013 0.26 -19.56 3.77 0.0061
FbGAI2 SPR weeks 5*9 0.18 •0.27 0.41 0.0409 0.19 -0.33 0.33 0.0316
FbGAI2 Shoot density 0.19 •26.51 40.87 0.035
F .G A I2 Romct weight 0.2 -0.38 l.l 0.0301 0.22 -0.31 -0.41 0.02
FbCA12 Resilience 0.23 •3.48 -2.09 0.0167
Ft GA20 SPR weeks 1-5 0.1 -0.37 0.27 0.0207 NA NA
Fj,GA20 No. o f shoots romct'1 0.2 -6.29 7.57 0.0206
Fj,GA20 Ramet weight 0.15 •0.64 0.7 0.0469
FbGA20 Rhizome elong. 0.17 -2.06 2,54 0.0336
Fj,GAI7D Ramet weight 0.19 -0.66 0.41 0.0343
Fj,GAI9 SPR weeks 5-9 0.25 •0.83 0.82 0.0119 0 2 -0.67 0.7 0.0285 0.0316
F;,GA16 Ramet survival 0.15 43.55 50.9 0.0423 0.18 53.73 36.68 0.0285
F„ GAI6 SPR weeks 5-9 0.23 1.24 0.74 0.0116 0.19 0.85 0.12 0.0241
Ffc GAI6 Shoot density 0.19 64.41 25.47 0.0278
F.G A I6 Resilience 0.15 7.12 ■4.13 0.0492
Pb GA2 SPR weeks 5-9 0.22 0.85 0.55 0.0198
FbGA2 No. o f shoots ramet'1 0.18 5.58 5.2 0.0407
Fj,GA2J Ranter survival 0.22 -32.61 99.71 0.0215 0.S2 -66.12 76.52 <0.0001
F.GA23 SPR weeks 1-5 0J1 -0.79 0.51 <0.0001 NA 0.22 -0J6 0.03 0.0009 NA
Fj.GA22 SPR weeks 5-9 0.38 -1.32 1.28 0.0012 0.31 •1.06 1.07 0.0043 0.45 -0.92 0.61 0.0003 0 J9 -1 0.51 0.0001
Fj,GA23 Shoot density 0.42 -130.09 129.45 0.0006 0.38 -112.84 104.97 0.0013 0.29 -93.12 80.89 0.0064 0J1 -69.92 53.35 0.0044
F.GA23 No. o f shoots ramet '1 0.35 -9.25 10.17 0.0024 0.39 -8.4 8.31 0.0011 0.19 -7.62 9.35 0.035 0.31 -7.29 7.05 0.0047
FbGA23 Rhizome clong. 0.24 -4.22 4.66 0.0143 0.31 -3.74 3.94 0.0047
FbCA23 Resilience 0.30 -9.05 6 J4 0.0019 0.32 -7.18 4.3 0.0042 0.33 -10.07 2.74 0.0034 0.23 •7.25 *1.25 0.0189
